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EVAL U AT I ON

Con tinuing advances in the technolog ies suppor t ing wideband

coninunications and information handling are leading to extreme ly

large vol ume digital data systems . Tactical exploitation of data

for command and control app lica t ions requ ires immed iate , real—t ime

readout of recorded data. Techniques have been demons tra ted that

possess the req ui red bandwid th capabili ties , however , they do no t

possess the required in~ edia te readout capability essential to the

tac tical commander

Presented are the results of a two phased study. Phase I

con erned an investi gation of techniques to extend wideband digital

m a g n e t i c  recording to accommodate input/output rates of 1.0 gigab it

per second. Areas of concern included track density, l inea r  area

and volumetri c packing densities and bit error rate in a two inch

I tig itud ina l format. Phase II coupled the high dens it y d igi tal

t e c h n o l o g y  with fast stop/start/shuttle technology for rapid access.

A computer tape station modified for 2 inch video tape and vacuum

buffers was employed as a test bed .

roject Eng ineer
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SECTION 1

INTRODUCTIO N

This fi na l report of the New Technology Study on Ultra Wldeband Digital Recording

Techniques is organized to follow as nearly as practica l the di rections provided in the

Statement of Work, PR 1-6—4087 dated 5 July 1975.

The first section is complied as a sub unit that summarizes the complete program and

can be ext racted as a quick-look for wide distribution.

The second section encompasseS Phase I and is divided Into four major areas,

The third section encompasses Phase II and is divided into six areas, including

recommendations for a Follow-On program.

The remaining sections contain support Info rmation for this report .

1.1 PROGRAM SUMMARY

1. 1. 1 Technical Problem

The amount of data that wilt be available as a result of high data rate communication

systems will cause gross chalEes in data management techniques by the 1980 time

frame. Tactical exploitation requirements for command and control applications

demand immediate or real—time readout capabilities. The approach most consistent with

a real-time or instantaneous readout is magnetic recording. Although techniques exist

which can accommodate these data rates (laser holographic), they do not possess a

real—time readout capability essentiaL to tacticaL situations.

1
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1. 1.2 Gene ral Methodology

The investi gative procedu re employed on this pro~ram Is In two segments : Phase I

concentrated on the study and Investigation of techniques necessary to extend widehand

digital magnetic recording to accommodate input/outpu t rate s of 1 gIgabit per second .

Phase II concentrated on coupling this technology (high density di gita l) with fast stop/

start/shuttle technology for rapid access for exploitation purposes. The end item of

this  program was a feasibility demonstration of the Phase II objective and this f t  na~
report detailing the techniques investigated .

1.1.3 Technical Results

This study has resulted in an optimum system design approach for a fast access I Gb/s

data recording/retrieval subsystem. A modified com puter tape station , as shown in

Figure 1A , resulted fro m the incorporation of a 2 inch vacuum capstan , 2 i~ oh wide

tape vacuu m col umns and bins, calibrated reel motors , NAB type reel hubs, pneumatic

subsystems, and electrical Interco anect ions . Detailed expe riments we re performed

on the vacu um capstan torque and coefficient of friction using back coated tape . Reel

motor parameters were calculated and measured as to their acceptability in the syste m .

In addition , test data was obtained f rom a parallel study progra m , using newly de-

veloped recording t echnology , at up to 50 , 000 bits/inch linear bit pacldng density on

sta ndard video magn eth tape (F i gu re IB ) .  The improvement gained shows that the

flCW technol ogy har I V . a l (  is  t ( h i ( V i n g  at 10 , 000 bIts/Inch what the origi na l UDMR hard-

wa re achieved at 2a , 000 hi t s/ inch . The hi t  e rro r rate (BER) shown Is uncorrected .

The Lr r n r \10d I a n )  Frror  la tectton and Correction techniques developed have shown ,

by comput er s i m u l a t i o n , ? h at  a 100:1 improvemen t can easily be made In BER.

1. 1. I l uplic ation s to t’ Future Research

V F h e  p o s i t i v e  results of this small scale sUidy indicates that a follow—on program

should he hi ghly  succe ssful.  t h i s  follow-on program would provide test and evaluation

f the fa~-~t access tr :u 1s~x )r t  design developed on the present study program. Coupling

‘ t ~i t u a I i s l s ) r t  w i th  the high packing density record techniques shown here should p ro—

v ( I i  lat a st’ I J g C  and retrieval equipment s~b ich meets the Air Force goals.

2
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SECTIO N 2

PHASE I: ULTRA HIG H DENSITY DIGITAL RECORDING TECHNIQUES
STUDY REPORT

2. 1 TEC HNOLOG Y GOA LS

Real time readout capabilities of high data rate communications from a storage medium

is necessary to meet the data management requi rements of the 1980s . The approach

most applicable for tactical exploitation of access and control of thi s data Is magnetic

recording.

This study addressed these goals and investigated and demonstrated the techniques

necessary to advance high density , digital magneti c, longitudinal recording technology

to accommodate input/output rates of 1 gigabi t per second. Areas requi ring investi-

gation are: (1) optimum data recording codes for opt imum packing density , signal to

noise ratio and resolution, (2) optimum head design to mInimize crosstalk , skew ,

azimuth, noise, and record/reproduce losses, (3) optimum tape transport configura-

tion, including the impacts of wide tape, high tape speeds, and si ze and locat i on of

vacuum chambers.

The following design objectives were explored:

Packing density : 50 Kllobits per inch Bit Error Rate: 1 in io 6

Minimum tape reel diameter: 14 inches

Minimum tape width: 2 inches

2,2 FUNDA ME NTAL LIMITS OF MAGNETIC RECORDING TECHNOLOGY

RCA has identified the fundamental limits of magnetic recording technology including

the numbe r of bits/flux reversal , m in imum bit error rate In-track packi ng density,

cross—track packing density, flux reversals/inch and limits to the performance of

magnetic head materials. The detailed designs of existing items were reviewed to

ensure tha t the time obstacles to major improvements are defined. The principal

recording technology components investigated are:

5
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Head/tape Interface
Record /reproduce response & losses
1~1agnetic head materials and fab rication
Modulation coding
Erro r detection and correction coding
Track Density T radeoffs

2 .2 . 1 Modulation & Coding

In the area of modulation and coding the re are no severe limitation s as to techniques

and design approaches wi thin the known info rmation theoretic bounds . The perform-

ance limitations are primarily those of the recorder analog channel (write transduce r ,

medium , read transducer). From the point of view of har dwa re mechanization , the

current state of the art of high speed logic devices and LSI design has removed the

last limitations to sophisticated and complex signal processing circuitry .

The limits of the present analog channel are presented in graphical form on the fol-

lowi ng 2 pages . The modulation/coding study was a two step process; first using

the present analog channel model and finally, using the Improved analog channe l results

from the head and head-tape interface studies , the analog channel can be fully charac-

te rized by its s/N and ampl i tude response (Figure 2), drop out rate and distribution

(Figure 3) and phase response (read function 900 , inte r—sy mbol interfe rence =

group delay = 5Ons) .

2 .2. 2 Tape & Head - Tape In terface

In the area of tape and head—tape interface , the prima ry li mitations in the present

approach to higher density recordir~ are the scale factors of the head—tap e geometry

and physics . The limiting tape and head—to—tap e interface ~ar ameters are listed below:

Scale Factor Induced, Limiting Items (See followi ng definitions of terms)

- Head-to—tap e separation (d)
- Tape dropouts (D.O.) related to d/X

X - Tape particle size (I))
X - Pa rticle retentivity (pr)

6
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(cIB) S/N
DISTRIBUTION DATA POINT

— — — — — — I
— I

10 — 971
I I I I I

10.0 10-1 icr2 icr3 io~ io 5

DROPOUT SIZE IMILS) DISTRIBUTION

0.19 0.60
19-31 0.30
31.44 009
44.00 0.01

1.00 TOTAL

DROPOUT DATA ON CURRENTLY AVAILABLE TAPES WERE
TAKEN TO PROVIDE THE FADE” CHARACTERIZATION OF
THE PRESENT AND PROJFCTED RECORDER/REPRODUCER
ANALOG CHANNEL.
THE CONCLUSION DRAWN FROM THIS TEST DATA IS THAT
THE TAPE MOST LIKELY TO BE USED FOR THE PROJECTED
APPLICATION WILL BE A VIDEO TAPE AND NOT A SO CALLED
“ PCM TAPE .

FIgu re 3. Analog Channel Drop Out Rate & Distribution

- Tape area/bi t
length (1) 1 = A/2 = 2g assumed
width (w) track size

X - Tape oxide thickness (C)
X - Particle unifo rmity distribution of particle sizes, Hc, Br,

factors orientation.

- Quantity of particles (q) determines read voltage
within 2g of head gap

X - Tape Self demagnetiza-
tion factor (a) p “/In dependent on Br/Hc ratio

(X) factors are limited by use of available tape

d Limits

The Items labeled (X) are strictly tape dependent and we are limited to the best tape

available which, at this time, Is Memorex MRX-716. The balance of the listed Items

8
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are at least partially dependent on the “composite” head-to-tape separation (d), which

has always been called “distance between head and tape”, but which Is in the true

physical sense a fou r dimensional number. (d) varies across the track, (w) varies along

the track, (I) varies considerably when considered as the distance between the head

and the mean position of the tape particles (~) and all three vary with time . This com-

posi te effor t can be listed as: d — d
1 

+ d2 
+ d3 

+ d
4 

where:

(d 1)dc term (average d) lOp ”

(d2) ac te
rm (tape roughness) 6p ” pp

(d3
) burst noise term (tape dropouts /Imperfections ) extremely vari able - no

independent measurements.

(d4
) dx/dt term (dynamic response)

d 1, d2, and d3 are spatial and physical static 
tape properties. d4 Is the result of

d
2 

and d
3 interfacing 

with a fixed head contour under sliding conditions , I n the presence

of a fluid (air) and is the dyn~ nic response factor given all of the above inputs . d1,

d2 and d3 are given and fixed by the available tapes. d4 is the only limiti ng Item which

can be addressed by this study . It is also an area which lends itself to computer

analysis.

Definition of Terms & Limits

g = head gap length

[Ic = tape coercivity in Oersteds (Oe)

Br = tape retentivity in gauss

p = mean tape pa rticle size

acicutarity = length/diamete r of tape particle (p)

Tape squareness — Br/Ba : each particle has a Br/Bs of 1.0 (square loop); particle

distribution, orientation , etc., reduce this ratio considerably and variably.

Bs = mean saturation flux density, which saturates all of tape, producing the

maximum Br.

9
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Orientation = degree of acicular particle alignment relative to desired axis of mag-
n et iz at ion (1.0 is perfect , 0.5 is random).

(d) = head to tape separati on; a very nebulous number because it is so dependen t on tape
su rface roughness. In fact in mos t Intimate contact systems d = tape roughness, if d

is constnied to be the maximum sepa ration between head and oxide . If d is considered
as dist ance from the pa rticles , it varies from 0 to e In every tape .

c = oxide thickness; for pa rticle tapes, li mited to 6Op inch and large r by dispersion
(surface tension ) problems in the coating process .

w = t rack width

FR = Flux reversal; equals 20 p inches at 50, 000 FR /TN

= useable volume of oxide/FR = FR2 x w

read voltage which is proportiona l to q, Br—-

l).O. DROP OUT: when V is reduced to system S/N threshold

I).O.H. DROP OUT RATE: ratio of D.O. to non-D.O. condition; nominally
[3E R = 

I) .O. I-t.

13FR = Bit Error Hate: ra tio of bits in error to tota l bits In any considered # of bits

a = Tape self demagnetization loss ; the length of the flux reversal transition zone .
This Is 0. 5 x t .

= oxide thickness

= effective oxide thickness =~ -typIcally

A = 2 FR minimum wavelength

p = magnetic permeability or micron (10 6 meters)

—6
p ‘ V  = mlcroinch (10 Inches)

10
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p LImits

The tape particle size is nominally 12p ”, This limits the shortest useable A to the value

p, at which A the tape magnetization will be zero. Because p varies 2:1, this null Is

never zero, but the net effect is loss of ordered signal orientation. For presently

available tapes, p lImits Ato 24 p” which limits FR to 12p ”. The 20 i l ”  FR (goal) will

suffer an estimated 4dB loss due to FR = l.7p. (See Figure 4 ,)

Combined d, c and g Losses

Assumed : head/tape separation (d) = lOp ”

gap length (g) = lop ”

oxide thickness (c) = lOOP”

The d, c and g read losses are:

Spacing loss (L
d) 

= 54 d/ A (dB) (Westmijzil

V Sj / I
1]V~~ F~~( ’  ,,,

I “‘

_.__..__ . _I,,
I \\I\._ ____ ._ .

FIgu re 4. Loss Factor of Mean Pa rticle per Data Bit

11
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Thickness loss ( L )  = 16dB @ C = X +  6dB/Octave = 20 1og 10[ 
2 w c /  ~ 1 (West imijzi l

[1_e c/~j

Aperture loss (Lg) = 20 lo~io[ 
sin :

~~‘A](wallace1

FR/IN = 20K 25K 50K

A = 100 80 40

Ld 
= 5.4 6.8 13.5 dB

L =16 18 24 dB
C

L = 0  0 1 dBg — — —

Total = 21 25 39 dB

Therefore a 14dB increase in S/N is needed to make up read losses incurred In going

from 25K to 50K FR/IN . This effect is shown on the following chart (Figure 5) as a

function of FR/IN.

(a) Loss

For available tapes, (a) is limited to 0. 5t’ which is 50 p” for saturation of full oxide

on standard tape.

FR = 2a maximum

Bit Squareness Limit (w/1)

Recording a flux reversal (data bit) on tape with a format of 2 Op ” by .025” is approach-

ing the scale factor (w/l) limit where the system tape skew and head azimuth errors

will smear or wipe out the read signal. For a nomina l tape skew of 100~~”/in

the skew error across a .025” track is 2 .5 u ” or 12% of FR. which Is beginning to

effect the read signal by crosstalk between bits (intersymbol interfe rence).

The head gap must also be straight within 1O~ of the FR (2 IA ”) to keep the signal ampli-

tude smear below 1dB . For separate read/write heads , the gaps must maintain azimuth

parallel within 0.004’. Both of these factors are at the limits of mechanical tolerances.
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Two p ” is about the limit that material can be polished , there fore any head gap will

have at least 2p ” of edge wander due to surface finish alone, plus 2—lOp ” of drift due

to stress etc. For these reasons, lOp ” gaps should be limited to use at W = 10 mils.

@ 20p” limit/TRK Track width (Mils)

20 8

limiting skew 800 2000

tolerable skew 80 200

limitIng gap az .04 .07 degrees

tolerable gap az .004 .007 degrees

Table 1 lists the discussed scale factor limiting items.

2. 2 .3 Magnetic Heads

In the a rea of magnetic heads, the most severe limitation is the head read efficiency.

We are presently not reading tape noise by about 10—12dB. The second most severe

l imitat ion Is the length of the write magnetization transition zone . We do not know if

we arc tape demagnetization limited (a) or record field gradient limited , or single turn

slew rate (amps /sec) limited . The total write system is present ly useful only up to

33K FR/IN .

Present read limitations are:

preamp noise floo r O.O56gs Vrms/turn

h ead 1-;ff. - S/N 25dB (excluding dropouts)

\V rlte F R  Gradient = 2 
~ 

t/a)

Read /W rite Process

The following describes the read/w rite process which, In combina tion with the read/

write head, limits the analog channel performance.

14
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1. MagnetizatIon of Tape a) Varies according to field st rengt h , d i i ” r t i o n  and
duration.

b) Highly i~ n—linear at p a r t i c i ’ -  t - v -l , but  l inea i-i
with short A.

c) Varies due to particle clumping, si ze ,~~ and
proximity ~~~.

d) Distorted by t : i p ’  m ov e m e nt  (IU r ing  Id cha nge-
(dx/dt ) .

2 . Self 1)emagne tization • Caused by i n te r a et i o n  of pa rt icle  i n t r i n — i c  fi e lds
of Tape af te r  removal of record f i t - i d .

• :\lso cau s(-d by increa se in pa r t ic le  in t r ins ic
demag f ie ld  afte ’ r removal of i i i  p F i ’ - t d  Shun t (U ( ad 1.

• Varies due to (c and (d above - .

3. Re ad Process • Presence of iii p head i lace-s these ’ f i e ld s  and
concentrat es them in the head .

• h ead fi e ld is a s u m ma t i o n  ot the f i ehk  of a l l
particles in the v ic in i ty  of the head (gap I ,

• Varia t ion of the field in th e ’ head g e n e -r at e s  v lt a ~~e-
in the head output  wir e ’ (d~~/dt ) .

3 1~ 1 PH ( )V I- ~l 1 NTS HFQU II1 E l)  1()  . \C I I IEV I-: I~1U)GR, -\~ l ( ~ L\ LS

2 . :~, 1 P r ’s~-n ~ ~vs t -ni Losses

The ’ l c ’ ~e -  in curre d in the pr esent  syste m can be’ ca lcul a t e d  if the ’ ( d i a l  lossli  — s  p ’ ’r—

formance le ve l is kno~~n and the present sy s t e m per fo rmance  l e v e l s  a re ’  n i& ’asured .

Thi - fo l lowing calculat ion S s ta ii I rom the ideal dig it at channel probabi Ii tv ‘I e r r -n  r

vs s /N . The ’ m i n i m u m  13 1 i~ of io ’~ require ’s a channe l S ‘N i~I 11 . ~dR w i th  no

d r o pou t s . To achie v e- thi s S/ N  a m i n i m u m  of 200 tape ’ pa L - ti ( ’b ’ s is rec iu l r e - r i  which

li m i t s  th e ’ t rack  w i d th  to ~3 p ’ or 21 , ~O ( )  rack. s / inch absol ut~- max imum.

The i dea l i -c -ad signa l for  an ideal block of magne tized pa rt ie le . s  is calcul at ed to he

~ mv for  the present S mi t t rack and ~~ turn head at 12 1) in /s :r t anv Rl~I. l’his is  v a l i d

l i i

_

4~~ 
________ 

— — - _______________ —~~ - -- ‘%~.-. 
- - — 
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i i i  en i h - a l  l o s s l e ’s s  S V s t e ’ f l r  he ’cause the ’ (dB/octave loss of tape magnetization (MM F ),

hi ( ‘kne -ss loss (e , is ot f -~ - t by the ’ (dB /oct ave  gain in d~ /dt.

Th e - Wi’~~i - ( r ’e - e o r d )  losses are ’  c a l c u l a te d  to cause a 12dB reduction In the above assumed

~i~~1 I - ’ w h i c h  a lso  causes the  12dB octave record loss variation in tapes when the re—

r ’or de(I s ignal  wavr le ’n gth  ( A  is b -ss  tha n the oxide thlclaiess.

I h e  p r e s e  n t  s y s t e m s igna l and noi se leve ’l s  ar e ’ given and the ~ tal losses indicated are

~~(iB . The read and w r i t e  losses calculated are also 35dB when the head efficiency

lo s se s ar t  e s t i m at ed at  7 • 10d B = 17dB .

The present decoder pe rformance is calculated to he 9. 5dB poorer than the ideal de—

t e - -~or  ba se d ofl actual bench t e s t  data .

.-
~~
. 1 . 1 Sy s t e m T h r e s h o l d  S~ N

V r r  an  i d e - e l  de tec tor , the svs t e ’ n  th reshold  S/N can be calculated 1 and is plotted

1 ) t ’ l re ~ vs .  BER (F igure 1 , curve  A ) .  For  l ) e l a v  Modulation (DM) a 2dB increase is

re qui c - I  to a l l ow b r  the n c - r e - s  sarv  double -etrobing of each bit , (curv e B) . :\ssumi ng

t h a t  an  I l ) A (  scheme w i l l  provide 1e )’~ i mprovement in the channel BEll, a raw BEll

t r - e~~~u i  r e - s  10 . 5dB S /N fo r  the  ideal  i~~l detector and ~~~~ requires 11. 5dB S/N.

2. ; . 1 . 2 Track W idth  L imi t

l i p e  pa r t i c l e s pr xluce ’ q u a n t u m  noise . ,\ minimum number of particLes (n) is required

t o :o C n e ve ‘he t h e -e- sho le l S/N pe~~~-r  ot U. ~dl~ when 11.5dB = 10 log n n = 200

a o l e - s .

i - c  r u n ’ -  = 12p ’ long by ~(p ”i a i- i - a  = 12~ (p ’
3 
volume (10

15 
pa rticles/1n

3

~ 0 l o a d i n g  = 2 l~~ (p ” ) ‘p a r t i c l e -

\ 2 u ) e  p r r u i - l ’ - ~ ~~~~~~~~~~~~~ (
~~~

“ t~~ ~~ l u n r - l o t -  threshold S/N

17
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Figure 6. BER vs S/N

At a recording depth = to one FR:

_________________ 

15,080(p ”)3 = 20 x 20 x W

/~ A 20M ’

( 400 
= 38p ” quantum limit

or 0.0265 TRACKS/p ” = 26 ,500 TRACKS/

/ 

~~~~~~~~~~

,
J 

15,080

INCH absoLute limit with no guard bands

_________________ 
5.0 x 1O

4 BPI x 2.6 x 1O4 TPI 1.3 x

TRACK WIDTH ~~ BP? absolute limit if FR = 1 bit.

I
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2.3. 1.3 Present System SIgna l Limits (No Losses)

(.5~
) - TAP E VO L U M E / B IT ~ 50K ~R(IN

800014” 2014 (.514)
( 200cs )

200 x .5 x .5 =

2Available tape Br = 1500 gauss = 0.15 Weber/Meter
—12 2 — 10 2A 100 x10 (in) =10 (in)

= Flux = Br x A = 0. 15 x 10~~~ Webers

e = Nd #/d t = N 
0. 15 x 10~~~ webers 

= volts/turn
0. 167 x io

_6 
sec

dt — 20p”
— 

120 th/s .16 ps

(~ 25K FR/I N

= X2 (X2 area)
dt = 1/2 (X2 bit)

E A t A( / ~~~~~1 
MM) d~/dt = 8 my @ pream p input

8,000

Ideal tape output Is only a function of track width for ideal HDMR recording.

VR~~~D LIMIT = 1 mv/Mit @ 80 Turns

19
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2 .3.1.4 Record Losses

a. Record [)emagnetizatlon

_____ ______ c = oxide thickness a = 0. Sc max

~i7 \ FR = 2a = depth of recording (t)

~~~~~~< 
2.

’

\ 

A=2F 8 = 4a

-I \ 
(*) reduces the magnetized tape volume by
50~ or 6dB (shaded area is demagneti zed)
2a/a or a slope of 2 is the limiting reinenant

I.*__ — ‘l I field gradient allowed by the tape self de-
.4 magnetization effect.

b. Record Field Gradie~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2.

The record field gradient must necessarily limit the tape magnetization at
the FR boundary to 50% (random) orientation. The degree of tape mag-
netization the refore , varies between FR boundaries from 50~ to 100% to 50’~
and varies into the oxide from 100% at cente r between FR to 50% at the limit
of record penetration (2a). This causes a nomina l 50~ or 6dB reduction in
equivalent magnetized tape volume .

e. Total Reco rd Losses

a plus b above equal 12dB loss over the assumed Ideal magnetized tape
volume . Thi s also produces a 12dB/octave variation in record Losses where

~ c, which has been confirmed by test measurements, and due to the same
effect; 4:1 reduction of magnetized tape volume by 1/2 ~ and 1/2 t.

20
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2.3. 1.5 Present Signal/Noise Levels

2MHz BW
20,000 BPI (FR/IN )
100 in/s

Pre Amp Outpu t Signal = SOOMV pp @ 1MHz for optimum DM RIP
(200MV rms)’

= -l4dBrn (Vrnis = 0.707Vp)

Pre Amp Output Noise = -67dBm (3kH z BW)

[20 iog(
~~~~z) 

-2 
= 28dB = 25:1]

Pre Am p Gain = 65dB

Head Output Signal = 200MV - 65dB 113PV

Head Output Noise = ll3p V  - 25dB = 4.5MV

Head Outpu t S/N = —14 - (—39) = 25d B @iri i d band (1 MHZ)

Single turn head output @ 100% transformer eff . (80:1)

Signa l = 1.4pV/turn

Noise = 0. 056p V /turn

2.3.1.6 Present Read/W rite Losses

No loss signa l = 8 my

Actua l signal = 0.113 mv@ 100 in/s

X1.2 = 0.1356 my @ 120 In/s

Losses = 20 log 
0. 136 

35dB

Read Losses

Sepa ration loss L
d 

6dB @ d = 10 p”

Gap Loss L = 0dB @ g � 20k ”

‘can va ry *6d B with heads; value given Is typical.
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Magneti c circuit , gap loss = 7dB

(‘ore eff. x single turn eff . x t ransfo rme r 10dB

Record Losses

Tape demagnetization = 6dB

R ecord fie ld  gradient = 6dB

Tota L Losses 35dB

2.3.1 .7 Present Decoder Losses

I)M threshold S/N for ~~~ BEE = 10, 5dB

Present detector S/N for measured ~~~ BER = 48dB (3kHz)
(S~ e Figure 7) w i th no timing errors = 20dB ( 2 M H z)

Presen t decoder loss = 20 — 10. 5 = 9. 5dB wIth no timing errors

2 .3.2 Add i tional Losses

The following flow chart (Figure 8) desc ribes in summary form , the losses to be in-

curt-ed in going fro m the present 20K FR/TN system to the goal 50K FR/IN system .
These losses (33dB) are recoverable by achieving the improvement factors in the fou r

areas shown. Full recovery will y ield ~~~ BER at the goal values listed . EDA C

presently achieves to 2 
improvement in BER with 8~ overhead and can be assumed to

achieve 1O 3 improvement with the same or additiona l overhead and additional sophis-

tication of algorithms. 10~~ BEll is thus achievab le with the present ~~~ raw BEll.

The raw BE lt is assumed to be totally due to dropou ts when the detecto r HER is less

than IO~~ at the system S/N.

The additional record losses at 12dB/octave are 15dB; read losses (from the curve

previously used) are 13.5dB for separation and 1dB for gap apertu re. 14 .5dB less

the present 5. 5dB yield 9dB addltior*L read loss.

22
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STUDY PROGRAM GOAL - 1O~~ BER

JJ, EDAC FOR 102 IMPROVEMENT

to ~~ 8ER OFF TAPE (DROPOUT
LIMITED I

to -5 OFF TAP E IS/ N LIMITED)

DE~~~V MODULATI ON
OTHER

MODULATION SCHEMES

THEORETICAL

I
S/ N

20K FR/IN CURRENT 1 1 MARGIN REQO.

RCA 

.1
I BECAUSE OF70 TR K S/ I N I PERFORMANCE

2 IN. TAPE I NON-IDEAL DET

II

- RECORD15dB I 
ADDITIONAL 1

LOSSES

9dB [ Ar)OITIONAJ]- 
READ LOSSES

II

3dB

~ 

ADDITIONAL 1
— PARTICLE I

SIZE LOSS

4
— 6dB [ NARROWER 1

GOA L I 
TRACKS

50k FR/ IN [ IMPROVE REDUCED~~~~I REDUCE 1 1 INCREASE
_______ 

SEPARATION 
1-01 PREAMP 

~~~ 
HEAD EFF.100 TRK S/ IN

4 IN TAPE —3 3 dB TOTAL 1 I—9.S dB) (—13dB) NOISE 
] I 

(— l i d S )

46dB 46 65 +11 dB +10dB

Figu re ~~ . Losses Flow Chart to Achieve Goa l
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If we are limited to one bIt/FR , 50K FR/rN equals 50K BPI, and 100 tracks/Inch Is a

reasonable goal. If we maintai n the present 6 mil guard band between tracks , the 70

tracks/inch to 100 tracks/inch reduces the data track from 8 mils to 4 mils for a 6dB

loss. The 20 14” bit has a 40g” A and Is app roaching the tape pa rticle size of 1214 ”.

From the previously used aperture loss curve, the additional Loss for tape particle

si ze Is 3dB.

Total additional losses are 33dB.

2 .3.3 Improvement Estimates

Improvements in system performance can be gained in four areas. The detector has

a 9. 5dB loss of which 6dB should be recoverable . The head- tape sepa ration loss is

13dB of which 6dB should be recoverable. The pre3ent read preamp noise is 12dB

above the tape noise; 11dB should be recoverable . The magnetic head efficiency has

an estimated total loss of 17dB (14% total efficiency) of which 10dB should be re-

cove rable .

The Improvements total 33dB.

2 .4 SYSTEM OPTIMIZATION

2 .4.1 Analog Channel Characterization

The first and most important step in system optimization is the most complete and

detailed characterization of what has been called the analog channe l. FIgure 9 indi-

ca tes the core position of the analog channel in a system model .

Major aspects to be characterized are:

• channel response in the frequency and time dornal n

• noise spectral distribution :

- uncorrelated

- correlated (from adjacent cha nnels)

25
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Figure 9. DigItal Magnetic Recording System Model

• dropout statistics: distribution of burst length and guard space

• parameters variability (statistics)

The performance limitations of an analog channel are primar ily those of the write

transducer, medium, and read transducer and are shown in Table 2.

TABL E 2. ANA LOG CHANNEL LIM ITA TIONS

• S/N . .. . . . . . .. .. . . Head/Tape/Electronics

• Amplitude Response

— Head/Tape Response........... ,........ Head/Tape

— Drop Outs (Fadl ng) .• .••. . . . .. ..  Tape/Dynamics

• Phase Response

- Intersymbol interference . ,  Tape/Write Field/Skew
- 9lr Phase Shift (dØ/dt)  Read Function

— Group Delay . . . . . . . . . . . . . . . . . . . . . .  Eiectronlcs/ ’Ail rlng

26
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Once the analog channel is precisely cha racte rized, the designer of the communication

channel - on the initial assumption that he has no control on the analog channel - can

start reviewing his options, assessing the merits of each, and predicting pe rformance

for given sets of choices.

Each element of the analog channel was Investigated as to the possibility of improving

its contribution to the overall channel characteristics.

The result Is an Improved analog channe l to be used for the final design to be bread-

boarded.

2.4.2 DigItal Channel Improvement Options

There are three major digital areas where performance Improvements can be

obtained external to the analog channel:

1. detectIon (Table 3)

2. erro r control (Table 4)
3. modulation (Table 5)

These three areas can be put Immediately into proper qualitative perspective by ob-

serving that while any improvement In any of the three areas would Involve some added

ha rdware complexi ty — wh ich Is acceptable, both technologically and financially —

any Improvement ob tained from a modulation or error control scheme potentially in-

volves a loss of SNR or transmission rate. The point to be made is that as the margin

left for potential perfo rmance improvement gets smaller, the designer is well advised

to ensure that the detection scheme is as close to the optimum as possible before

proceeding to other areas of improvement.

1. Detection. The case of reception with no intersyinbol inte rfe rence will be
discussed first. The read—transducer acts as a diffe rentlator with a three-
level output. Each output pulse carries info rmation not only about the
occurrence of a flux-reversal but also about the state the transm itter was in
before the reversal occurred . Likew ise, when delay modulation is used each
transmitted waveform carries information also about the next symbol to be

27
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t ransmItted (look-ahead). These two examples show that we are dealing with
a channel with memory that can be modeled as a convolutional code or a finite
state Markov process.2 The receiver should be mechanized so as to exploi t as
much of the information available as possIble; not by m aki ng a decision on one
symbol at the time, but by making the beat estimate over the memory spa n of
the channel (bit—by—bi t sequential detector).

In real systems affected by Intersymbol interference, bandwidth equalization ,
eithe r In the frequency or time domaIn, is usually added to the receiver to
minimize the amount of interference at the sampling instants. Although
effective in many cases, this is not an optimum scheme, since it suppresses
information about the symbol to which the interfe rence belongs . This is
particularly so, If high transmission rat- s per cycle of bandwidth are desired .
The relatively recent signaling schemes called par ti al response or correlative
actually exploit intersymbol Interfe rence by introducing it  Intent ional ly in the
waveform to control the spectru m.

Recent developments in optimum non-linear receiver are based on the concept
of matched filter extended to a sequence of symbols (maximum likelihood se-
quence estimators , MLSE). The basi c idea Is as follows : the receive r takes
a sequence of received symbols of length compa rable to the length of the
channel impulse response (say N sym bols), matches it with each of the po s-
sible (2N for binary symbols) sequences of N symbols, computes for  cach th ~
conditional probability of occurrence and chooses the most l ike ly  st que ncc as
the transmitted one . MLSE mechanizations , much simpler tha ri th y bas ic
concept may Imply, have been developed . The Vite rbi algori thm i5 (‘ni-
them.

TABLE 3. DIG ITAL CHANNEL IM PROVEMENT OP TIONS , l ) i T I C i b  ~~

I . Add memory to allow analysis of groups of data bits (looL l) LCk-
look ahead).

(Ut il i ze unique pattern sequence to help make decision ~1u i I t  in
redundancy).

2 . Exploit intersyin bol Inte rfe rence as control or prediction .

3. MaxImum likelihood sequence estimation (MLSK) type a lg or i t hm s .

Optimize the Detecto r
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2. Erro r Contro l. Qualitatively, and from a practical point of view , the channel
for a high density digi tal recording system is easily character ized : i t  is a
bu rsty channe l featur ing an extremely low probabIlity of random e r r o r s .

I rro rs are caused by signal dropouts , occurring at random as to duration and
f re qu t nrv , but with avera ge val ues that decrease is the signal lev e l  i nc reases .

~ t : i t i s t i c s  are availab le to model a fading channel .

\Vh en a dropout occurs, It a f fec ts  a roughly ci rcular  spot on the tap e , and
henc e , a few tracks across the tape hut f o r  a widehand system , hun d reds or
thou sand s of h i t s  along a track .

N ext  we obse rve that if the begi nn i ng of the dropout could he det ((ted and
pointers  set to the tra cks involved , we would deal with era sures rathe i- than
erro r . l ess redundancy would be requi red for coding since a code can c o r r ( ( t
tw ice as m any ( rasures as errors . In fact , a single pari ty check app lied to a
st r ing of h ina i-v digit , no ma tter  how long, can correct  aiiv s ingle e l-a sut - e .
Uv i n t er l a c i n g  the codewords as many times as the length of the burst in b i t s ,
a l l  b u r s t s  of that  lengt h or les.s can he corrected .

\1 rt spec i f i ca l l y , a I f l O—tr ac k  tape can be ins tn imcntcd  for  er r o r  con t ro l
(again s t  dropout ? as follows:

a . ( I i V i ( 1 (  al l 1(~O b its across the tape into 20 ~— bit  supcr syrnh ols , ot ~ h i ch
19 cai- i -v data and one is th e parity check supersyrnb ol ;

nc “ l ing : the parity check results from the m o d u i o — 2  SUm Of al l  19 dat a
~ up~ rs Vfllbol s

~lI ng : f i l l  a l l  t rasu res wi th  i.e ros ; compute th e svnd rome h~ adding
nO d i i l o — 2  a ll  2 ? ) rt eei ~‘ed sUpe rsymbol s ; corre ( t each t i-a Surt  by adding
to i t  th e h ina rv symbol ( ( n t a i ncd in the corresponding I x ) s i t io n  ~t t he
S VU ( 1 r

This s imp l e scheme wi th  about ~~ rt dundancv can cori~~r t  a s ing le  ( l rO IX )U t  i i ) —
VU lvi  fl~ UI) to ~ a t )  a r en t  tracks . In addition , it can d t i c t  a~ lea st  one random
error , which would he corrected if we had a mean s t o  ident i fy  the t rack in
which it  has occurred . I a i - l ie r  we have discussed t)o(e~nt lal i mprovement s i l l
the  ~ : t vet o  rm detection by tak ing  advantage of th e  i n fo rma t ion  t a r r i e d  h~ t a ’ h
symbol about the preceding and/o r the followIng symbol. This in format ion
ca n he u sed to de tect  the p o ssibil ity of an error , which once correlated with
th e  t r ansverse  pari ty check wi l l  lead to the correction ol the ci- ror if i t  ha s
i ndeed occurred .
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This su i -pr is inglv simple and y e t  powe r ful cod i ng scheme is  one ot he n i a n v
opt ions tha t coding theory offers . It also shows that  e f f i c i en t  sr l flo S f l l ’ t ’ ( I
not be complex or sophisticated or requi r~ i labi i - a t e  chann el  m o del ing .
I f f i c i t ncy u sua l ly  r e sults  f rom an integrat ed design approach which  con.side cs
modulat ion and cod i ng at the same t ime , not necessa rflv — a lthough d i - s i  r :’ble —

fo r the pu rpose of combining them into a single pi-oci ss .

TA B!] -1 . DIGII A 1. CIIA NN I: L IMPII )V 1 ~i 1 : N’! O PT !? >N~ 1~ J1H( )H (‘( iN’l’fl(

1 . A dd drop—out det ec to r—cor rect ing  “erasu ceo ’ ins tead of ‘c i
(IOU I’) l ( ’ S  l 1  ) : \C power .

1 st- r edundancy t i id  u n u ~ codt :5C (~U & ’ f l C t ’  to i n r r ’ as’, ’ r m r  d t —
t ec t i on power.

Ink ’ riace d I I )AC code words to br eak up i - r r o rs  •

Trade off across  track vs . along track l’i)A C sch em( s .

000P OUT

~i1l1111IIII ‘~11lIll I I T ’!Ii~
ill!! 11111 ,,A iiii iiiijr 1 2

111111111,11JI TI1 III I IITI IL
_ _  I

1000 2000b I rS

Optin ~ I ze J r  ror Coot rot

3. Modula t ion . Mo du la t i on  in th i s  app l i ca t i on  is  the ’  j ) iTh’eSS o t i n t o t l i n g  t l i t
h ina rv da ta  ot -q u t  nec in to  a n o t h e r  sequence of b inary  ~or N —a i-v ~ a v ( ’ t ( .  rn ’ :~
t hat f a c i l i t a t e  the i ’x t i -a~’t ion i t t  ? i n ~in ~ a t the r( c ( - i v t - 1 - , and ~1iape t h e  f i - e- quencv
S J )( ’ ( ’ t  t iJili  ot the  signal to  match the frequency I-eSp ( ins t  of fb i ’  channel .

A n upp e r l i m i t  t th e  i t o  p i i i o  of a gi v t - f l  r i o - i  rdl ng .o~’s t t n i s s i t  by th e h ighe st
densi ty  of flux r ev e r s a l s  ( t i : t i i o i t i u f l . S  a l lowe d t i n  an : ieceptah ~e l e v e l  ot s ignal
di s in  rt ion . Th e lo~ c c  ii in i t  is s i t  at / e r o  — f requency whe i-e t i c  most p r a c—
t i ( ’i i l  svS t t ’r n -~ no component ~ a l l owed h i  an y  ~~.s o i t i I e  data sequences . \n
op t imum modulat ion Hr li t  ml ’ th en  is the one t h a t  :i I lows as high a data  i-a t i  i t s
p oss i ldi - w i t h i n  t h a t  f r equ en cy  band .



\ Va r I t t v of modulat ion te chniques have been developed with varying degree
of Succe SS  an d  p t -ac -t i c - a l  appl icabi l i ty . They may be broadly grouped Into bina ry

nd ‘i n’ — h i n a  cv ippr o:n ’h e ’s . The non—bina ry approa ches consider multi—le vel
or m o u l t  I —p hase w i ~ i - f  cms , .1 ml at t em pt to trade the inevitable loss in SNR at
the l~’i ’ ii ( It i’ I ‘ ‘ i t ’  r w i ’ I -1 the  inhe  t e n t  greater efficiency of higher order
:i !1 h :ih t t (as : tga ins t  b inarv i . Progress In this area of research has not ad—
va r ’ ,  :i~~ n u c h am in the  b inary  waveform approach . Indeed , promisi ng
h i n t  i-v ‘ t - ’ h T i i ~~u e-~ a l t  b eing gene ralized to non—b ina ry codes.

vP rath e r 5~ tfl~~i and i i  i n c - n t  b i n ary  coding scheme (delay modulation)
suc ’ce.s s t u l l v u sed by U ( ’A , nne ~ches t-easonably well the frequency response

f t h e  channe l , e xcept fo i’  the dc i - i ’o~~ nse of certain repetitive data patte rns
if ts r s i s ten t , n o v  c - i r a t e -  . sigr ~d disto rtion . This p i-ubiern seems corn-

mon to 11 01 sche me’s de velope d t h u ’~ t a r and its solution appears the major
t o I’ ::, $ 01 c-U i r e n t  I ’ S  -a i ch .

The c o f l ( t ’p tU al  b a s i s  ot cur ren t  t e s t - a r c h  in bina ry coding is to map SUCCeSSIVe
0 ’ L ~”f l (  n t s  t ” t  a d:it a s e q u en c e  into sequences of binary symbols with certain
con s ’r o i n t o , ”t such as :

it , N t i - w c r than (I con serut i ’,’ e- i.e-i-os are allowed in the coded sequence ;
‘hi s ‘ i t s  th e h i g he st  tr a nsition ra te ;

I , f l )  n ,~~~ e ‘han k cof l se ’cu t iv i :  /~~ros are allowed in the coded sequence
( n i n i n ’ ~~fl - . i n s i ’ i n n  rotc  fm t ime extr action);

the :u c - u n i u ! : e t t  d charge at any digi t position In the sequence is bounded
by ~( un i t s  i ’ ‘ ‘~~ ~~ r a i n  (IC response) .

I r i e v i  ‘ably  t h t ’~ e coding sch eme ’s t -e -qui re the addition of redundancy (for effec—
‘ive s( ’h c ’nut -s  100 ‘ o r mere  t.  h owe v er , the upper limit of the coded wave—
t o  i- n: hand ’e id th  is  s t i l l  ( ‘I i f l f  rol led by the highest transition rate and may re-
main  ‘P s a n e  is h i  the noncodcd sequence if we chose d=2 and add 100 .
t ’i ’dune lanc -y .  The g a i n  f course is in an easier synchroni zation and a zero
de coni p om-nt .

Uun - I t ’n ~ ’h l i m i t e d  ot- bandwidth compaction are different names for this basic
coi ling t echn ique

.\ cer t a i n  amount of loss in efficiency is Inherent in these schemes due to the
redundancy added In the coding process. For this reason researchers a t-c In-
t ’i ’stlgating the possibility of using this redundancy also for erro r correction
o t , at least , detection .
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For high density systems featu ring long error burst along the t rack , er ror
cor rection schemes acting along the track rather than across appear rather
inefficient . The incorporation of some form of error control into waveform
encoding would then be of doubtful usefu lness.

Another potential area of research is multi-channel or two—dimensional coding,
whe re now pa t te rns of symbols across the tracks would be controlled as well
as symbol patterns along the tracks.

The application of partial response techniques used successfully In communi-
cations systems appears particularly suitable for wideband reco rding since
instead of adding redundancy to reduce distortion , the techniques exploit the
distortion Itself to convey information , and Is known as Enhanced Delay
ri~1odulatIon (EDM) .

The proposed task IV investigation is expected to be primarily of an analytical
nature to extend and advance the level of development for those particular
approaches most efficient for wldeband system applications . Experimental
work can then follow to demonstrate/prove the task IV conclusions/recom-
mendations .

TABLE 5. DIGITAL CHANNE L IMPROVEMENT OPTIONS , MODU 1~~T1ON

General . Make the best analog channel fit.

• Make the best use of the detector .

Specifi c . Mi nimize number of octaves .

• Minimize signal rate .

• E limi nate dc from signal.

• Add memory and do block coding.

• Block coding ove rhead pl us K DA C overhead for
erro r control .

• Trade off compaction vs . statistical e rrors .

Use mult i-channe l mod ulatIon (2 dimensIonal)

Oltimize Mod ulation Technique
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2 .4.3 Tape Magnetlcs

Tape is a given and limiting factor. it Is given because tape development is out of

scope fo r this ef fort. It must be ana lyzed , however , so that Its limitations are as

perfectly understood as possible and so tha t we may know how to work around them.

The following discussions give insigh t as to how these limits could be cha nged .

The tape self demagnetization is of primary concern , and the effects of tape pc rticle

sI ze and o~dde coating thickness are of major concern in the tape magneti c perfo rm-

ance . The tape surface topography is of major concern in establishing and maintaining

a low sepa ration loss and a high field resolution. Separation has the same effect on

resolution as inc reasing the head gap size. All of these problems are severely reduced

when plated metal tapes are considered . Thi s approach require s new head-tape inte r-

face geometry and control.

The following (Table 6 and FIgu res 10 th ru 12) show that we are reaching the l imit  of

particle sizes used in the available magneti c tapes. The direction to go for reduced

limitation is smaller particles for shorter wavelength ( X ) ,  highe r coercivi ty and

thinner coatings to reduce the self demagnetization loss (improve resolution), metal
fi lm and denser loadings for increased read magnetization and lowe r noise medium .

TA PE 1)E MAGNET !ZATIO N. Of all the hc~d and/o r tape resolution pa rameters the

area of greatest limitation is the demagneti zatIon prope rties of the tape. Two types of

demagnetization exist , self den-tag, and record dema~. ~‘~gure 13 is a simplified model

of the two flux reve rsals (bit cells) at a BPI of 50K, X/2  20~i ”. Note that the re arc

actually three loss effects occurring during and after a bit cell is recorded , all of whIch

finally results in a reduction of total flux 0 available during playback .

1. Record Demagnetization Line s.
2 . Self Demagnetization Line s (inc reases after pa rticles leave head).

3. Flux lines lost In the unused oxide.
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TABLE 6. MAGNETIC PARTICLE AND TAPE PROPERTIES OF
AVA ILABLE TA PE

a Ferri c Oxide Cobalt I)oped 
~Fe203 Fe203 r 2

Acjcular Cubic Extra-Acicular

Si ze 1 = 5—25 k in (l6typ) 1 20 ~ in typ

3 5-20 (6typ) 8typ

Hc/Br 300/1000 500/1600 500/1600

Br/Ba = .75 oriented/0,.5 0.83/0.6 0.9/0.5
.50 unoriented 0.77 0.80

Effects of Smaller Particles

• Lower noise (more particles and more uniform size /unIt volume) ,

• Highe r self demagnetization.

• Smaller X recording capability .

Metal Film Tape Characteristics

• Much thinner than particles.

• More than 2 times coercivity (1.200 0e~
• Hi gher magnetic continui ty — avoids flux closures

around particles and surface clusters.

• Smoothe r surface - closer contact plus possible
magneto—optic playback. Latter especially
significant since playback process is limiting in
metal tapes.
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•NAG ~H+) - MAO (H-- )

AVE MAO 
_____ 

t •  TOTAL OXIDE THICK NESS

~~~ a 1
Figure 14. Typical Flux Reversa l

The primary properties of the tape which contribute to these demagnetization losses
are Br , Hc , and oxide thickness.

The property of Record Demagnetization (a) is defined as a

The above expression Is the Record Demag. created by a step function of magnetizing
flux as would be created afte r changing the direction of a satu rating field 11+ to FL— in
an Instantaneous period of time as in Figu re 14.

This single isolated transition Is not at all similar to the short pulse duration record-
ing intended for thi s program . It can, however, demonstrate the relative difference
of available recording tapes. See Table 7.

This agrees with test data tha t shows that pulse density is inversely proportiona l to
oxide thickness.

From Inspection of Table 7, a = t/2 for most oxide tapes.

This is a very useful result In so much that the property “t” is always a known physical
pa ramete r . To obtain high density pulse recording, t is effectively reduced to t’ by
limiting the record current and reducing the gap size such tha t t ’ = 20p ”, as shown
be low Table 7.

39

0-
—- — —•-.---- —1 _ - _ _- - —

%
~ - ~~~~~~~~~~~~~~~

— - 
-



TABLE 7. MAGNETIC TAPE C H AR ACT E R ~~TICS

Tape 3M400 3M97 1 Crolyn CR0 2 Avilyn-M Meta l Coated 
—

Hc 310 500 500 1 1400 (1000)

Br (gauss) 920 1500 1700 1300 (10k gauss )

480 100 190 100 84 40 20 10 5

a (if ’ ) 227 48 103 54 12 64 32 16 8

3M XRM—IV

He 1000 1000 1000

Br 3000 3000 3000

t 200 100 50

a ( if ’) 96 48 24

Typical tape magnetic values and mechanical cha racteristics are shown in
Figure 15.

These ratio of term s t and a represent the slope of the magnetization line in

Figure 15 as does: a = (J ! )
t 2wHcslope Br = K for any given tape

For any given tape t mus t be reduced to reduce a .

A ~~~~~r)
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At an effective recordIng depth of 20p ” fou r transitions can exist instead of one ,

This , of cour se, reduces the total flux available for playback and resultant loss in

signa l to noise . Any attempt to overdrive at these high trans ition densities causes

“peak— shift” or “pulse crowding” and other problems associated with Inte rsymbol

i nterference .

The conclusion tha t one must draw Is fa i rly self evident. The oxide should be reduced

in thickness and/or the ratio (slope of the demagnetization line ) should be Increased .

Typical tape values and mechanical characteristics are shown in Figure 15.

2 .4 .4 Head—T ape Interface

Many of the limitations on bit packing density are associated with the so-called

“contact conditions” existing at the interface between the record/play head and the

magnetic medium . Aside from the aperture loss (SIN (X)/ (X)), there is a theoretical

separation loss between flat surfaces of —54 .6 d/~ dB where X is the recorded wave-

length and d the separation. Because current state-of-the-art provides 33K bits/in.

packing density (~ 60 ~ in.) . a “separation” of 6~ in. already causes a 5-1/2 dB loss

in output. If the packing density is Inc reased to the goal of 50, 000 bpi , then the loss

due to the sam e separation would increase to about 8dB.

Clearly, the separation of concern Is tha t existing precisely at the gap. Also , the

natu re of physical surfaces precludes the assignment of a value to separation except

in the context of equivalent separation, and even that in a statistical sense. This is

because surface roughness Is of the same order of magnitude as the sepa ration , and

both surface position and roughness vary with time .

Tracki ng errors also lead to signa L Loss . Two basic kinds of errors arise: Lateral

shift and angular skew. Both errors may be due partly to characteristics of the tape

transport and tape medium and partly to manufacturing tolerances of the head. The
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following it ems to be discussed are factoi- s in pe r formanc e . Each is worthy of furthe r

st udy and improvement , altho ugh not every item wi l l  yield more than a modest gain in

pe rformance .

2 . 4 . 1 . 1 Tape Properties

Figure 16 shows the various properties and features of a tape recording medium ,

Roug hness and waviness , as well as scratches and fibros ity are descri ptive term s that

measure depa rtu re fro m geometrical flatness . The knowledge of the statistical nature

of these va riables allows a formulation of effective localized separation between the

tape and a perfect surface . When the two are in actual contact, such effe ct ive separa-

tion then establishes a minimum irreducible loss.

Electro n microscopy provides an effective method to study the natu re of surfaces .

It makes it possible to see the results of calende ring , choice of binde r , particle size ,

etc. Also, a better understanding of wear phenomena can be gained If it occurs .

SCRATCH &
IBR OS IT V W A V I N E S S

P A R T I C L E
H U U , ’I N ( S S  S I Z E

S PA L L IN
& DEB R IS

BIN 0€ H ~~~~~~~~~~~~~~

BASE
SS

• UNDER STAND MICRO C H A R A C T E R  UI ROUGh NESS .
W A V I N I  SS , E LA ST IC IT S LUB RICATI O N
V I A  SCA NNINO F L ECTI ( ( ) N MICROSCOPY SI M~
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Figure 16. Tape Properties
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The fact  that surfac e cha racter changes with use can be seen in Figure 17. Thi s shows

that  the dropout rate can be reduced one to two orders of magnitude by preconditioning

the surface . Preconditioning by running the tape many times is costly, however, and

there may be a si ngle-pass process that would accomplish the same result .

TAPE STRUCTURA L PROPERTIES. For the geometri c proportions currently used, the

tape should be mathematically characterized as an elastic plate , rather tha n as a per-

fec tly flexible string (Figure 18). It does not automatically conform to all irregulari-

ties of the inte rface , but bends elastically with a cu rvature that may lead to increased

local separation ove r rapidly changing profi les. Moreover , the tape Inte raction with

the induced air film also produces diffe rential curvatures along the head ,

2.4.4.2 Air Film Forces

Figu re 19 shows the Impulse function computed for a quadrupkx head tape guide con-

figuration. By expressing a pressure distribution across a section of tape in term s

of point leads , the impulse function can be used to find the deflected shape of the tape,

FIgure 20 shows the results of summing only a few term s of the series for a particular

exa mple . Once the theoretical shape for the tape is found , as a function of the various

tape tra nsport pa rameters, optimum head contours can be predicted and compa red

with experimental results . Figure 21 shows the results of contouring a 14—track head

by running tape past it for 25 , 000 passes (25 x i06 fee t of tape). The final contou r is

measured by Inte rfe rometry , and the curvature is calculated from the profile . The

tape wear—In process generates a curvature that is of a dif ferent character tha n the

origi nal. Thi s implies that the dynamics of the air film will change th roughout the

life of the head.

A computer study of the Inte rface dynamics is needed in orde r to verify or refute cui’-

rent design and operating experience, expand theoretical models , discover une xpected

resu l ts, and provide a practical design tool. The Interaction of tape, ai rfi lni , and

head is too subtle , at the spacings encountered , to reLy solely on Intuition for design .
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STATIC AND DYNAMIC CONTACT” CONDITIONS - D E P E N D ON
PR OTRUSION . SHAPE . TENSION , AND RELATIVE SCA LE

STUDY

• CONTACT PRESSURE PROFILES
• NAT URAL TAPE SHAPE
• OPTIMUM GAP LOCATION

Figure 18. Tape as an Elastic Plate

It might be thought tha t the air film form s a simple wedge between the tape and head ,

as In the case of a floating head and disc system. Figu re 22 shows the results of a

study tha t indicates a complex film behavior near the trailing edge of the head , con-

trary to intuition . Looking at the location of the minimum separation , i t is evident

tha t placing the gap at the cente r of the contact area is not the optimum procedure .

In orde r to calculate the shape of the tape , a compute r progra m Is requi red . The

method used in the case of FIgu re 23 Is the solution of a set of finite—diffe rence equa-

tions that describe the aeroelastic behavior as a function of time . Thus the transient

solution is available as well as steady state . Actu ally, the steady state solution Is

less useful for evaluating the Interface situation than the t ransient solution. If the tape

contacts the head duri ng a transient distu rbance , but not during steady state , then the

transient condition Is the controlling considera tion from a wear point of view . More-

ove r , transients can be caused by vibration , flutter , andothe r disturbances that are

normally present. An optimization study considers the settling time and film shape
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r °34 i ~ ~~~~~~~~0I2
14-TRACK HEAD PF~OFILE
BEFORE CONTOURING

PROFILE AFTER CONTOURING
AND MORE THAN 25,000 PASSES
WIO FAILURE SHOWN AT LEFT

CURVES ARE 5TH ORDER
POLYNOMIALS FROMPROFILES COMPUTER BEST FIT TO
DATA FROM

i.— AS MACHINED INTERFEROMETER PHOTO
I AFTER CONTOURING

AFTER 25K PASSES

0
z

20

~~~~~4 0 .

z
z8 0 ’

U

~~~~eo-

100 — CURVATURE - 2

AFTER CONTOURING
120 - AF TER 2SK PASSES

150 \
I I I I I —2 4 6 8 10 12 14

HORIZONTAL DISTANCE FROM CAP. MILS

FIgu re 21. Contou r Data for TmOS-N Life Test Head
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• SOLUTION OF COUPLED EQUATIONS

L I FOR AEROD YNAMIC FILM AND

2.0

(a)

1.5
• FINITE DIFFERENCE FORMULATION

IA ALLOWS TRANSIENT SOLUTION WITH
ARBITRARY INITIAL CONDITIONS

• I. • STEAOY STATE SOLUTION WITH
1. - DECAY CONSTANTS

.
0.5

U - 2.54m1s
A • 1.37mm

0 I I I I I I

10

Ib)

1.5 -

1.0

• ~~ • ø  :
(2 U • l .27rn/~A - 3 J l m m

0 
SOURCE IB MJRES & OEV 11/74

0 2 4 I 8 10

DISTANC E ACROSS 115*0 (mm)

COMPARISON OF EXPERIMENTALLY MEASURED (POINTS)
AND THEORETICA L (CONTINUOUS LINE) VALUES OF THE
SEPARATION UTWEEN HEAD AND TAPE.
PARAM ETERS T • 276.70 N/rn : • 3S.IUrn and

- 0.02 m. I.) SEPARATION FOR THE CASE OF A
UNIFORM SPACING ZONE.

FIgure 22. Air Film Sepa ration
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Figure 23. DynamIc OptimizatIon Study
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(Figu re 23~ for vario us conditions , and the possible use of node stops to con t ro l fre-

quency and amplitude of tape vibration. Actually , a similar  technique has been used

i n the VTR ta pe recorder as seen in Figu re 24 , whe re the headwheel 5:-toe creates a

very short span of tape between the shoe and the head . Tape vibra tions external to the

shoe are effectively damped out by this process. In the case of the longitudina l head ,

simila r results can be obtained by placing bars close to the head . The bars (node stops

may or may not be contou red to provide control of the tape shape over the pole tips.

ThI ’ computer solution will indicate the optimum placement for the gap line which may

diffe r fr om the optimal location for the stead y state solution . The transient solution

may also indicate a minimum irreducible frye! of separation variation which in tu rn

implies a quality of surface finish for both the tape and head that is unproductive to

atte mpt to Improve.

• VT R

+ •CONTROLOF LATEMAL VI6 TIO~~

• CONTROL OF PRESSURE (SHAPE ~

• TENSION REDUCTION

• TRACKI NG CONTROL

• LONGITUDINAL

Figure 24 . Noda l Stop
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2 .4 .4 .3 TrackIng

The mistracking of tape also causes signal loss and these effects mus t be considered
in balance with the aperture and separation losses. Figure 25 shows various sources
of tracking error; the primary ones being the effects of edge stiffness (curl), tape
skew, width variation , wrinkle and scallop.

imp rove ments can be expected In tradit iona l method s of guid ing plus new method s that
reflect the tightening of dimens ional tole rances. In Figure 26 , the t raditional method
of moving a gu ide rolle r or air bearing is shown. This method of twisting the guide
rolle r limits control of the location of the tape edge to relative ly large tolerances (f5

mils) and relatively slow response. An alte rnate method to guide roller Is a fixed air
ba r that can be serv oed by d iffe rent ial air pressure in response to signals from an
edge sensor that can be either pneumatic or electronic (I. e . a light detector).

• TAPE FACTORS

EDGE STIFFNESS ..
‘

S KEW

WI DTH

W R INXLE & SCALLOP _____

Figure 25. Tracking
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~~~~~~~~~~~~~~~~~~~~~~ER~~~~ R /A IR BAR
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___________________________________

WI DTH VARIATION UNDER _____________________________
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____

HEAD
GROOVED TAPE/HEAD -

FIgure 26. Tracking
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Inasmuch as the cont rol is really desired for the recorded tracks rather than the

physical edge, a magnetic sensor that reads the location of the recorded track Is a

preferred method. Such a sensor could be used eithe r on a recorded data track or

an auxiliary control track for the purposes of edge guiding, being coupled either with a

movable roller or air bar or with a movable head. If most of the edge variation has

been removed by first—order means, a head coupled to a voice coil can be used to re-

move the resid ua l variation (~1 mu ). The movable head has the additional advantage

of the abilit y to respond at high frequencies.

A method of tape guiding that depends on grooved tape has recent ly been proposed by

Viteck C orporat ion . If the head or tape guide is similarly grooved , than the tape is

constra ined similar to the stylus In a phonograph groove. With multiple grooves , the

net tracking force is relative ly large even though the tracking force for a single groove

Is very small .

The Investigation and optimizat ion of the sum total of the above factors should lead to

a precision tracking system that constraints the latera l variation recorded track to the

order of ~1/2 mil.

2.4.4.4 Scale Factors

As the recording gap has been scaled down from the order of 500 micro—inches (typical

of original audio recording systems), the track width and tape thic kness have not been

scaled in proportion. There has been some reduction in tape thickness but it has been

determined primarily by base film technology, market demand , and other factors pri-

marily related to the manufacturing and transpo rt process. The problem with tape

that is re lative ly th ick Is the fact that it is relatively stiff and does not readily follow

the contour of the head as has been ment ioned above . Track width reduction has fol—

lowed the ability to manufacture heads with many tracks per Inch. The limiting situa-

tion here is the ability to wind very small coils and at the same time maintain head

efficiency. The limitation of a relatively wide track compared to the gap length Is that
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skew problems become exagge rated as shown in Figure 27 because tape skewing tends

to be measured In te rms of angle . A wide track requires a much smalle r skew angle

for the same signal loss. At the same time, pressures and forces also scale down as

the dimensions; for instance, a small radius of curvature at the gap leads to large

pressures If the tape tension Is not reduced at the same time. Ine rtial pressures also

Increase with small radii of curvature for the same tape speed. Thus, we find that If

the radius of curvature Is decreased at the same time that the velocity is Increased,

inertial pressures may cause the tape to float away from the gap unless tape tension is

increased. The balancing of these forces, the refore , must be done very carefully,

w ith difficult tradeoffs implied . As part of the problem of balancing the scale factors ,

the track density should be examined for the tradeoffs of bit packing dens ity per inch

(longitudinal) vs . the bit packing dens ity across track. It is the bit packing density

per squa re inch that Is of the ultimate concern and it may well turn out that the re l ief

f rom high bit packing densitie s along the track may be worth the effo rt Involved In

increasing the track dens ity can be envisioned as the outgrowth of integrated magnetics.

2 .4.5 Record and Playback Head-Electronics Matching

This section will consider the head as both a record and reproduce head. AddItional

opt imizing can exist for the record head or playback head if built separately. Separate

heads a re not out of the realm of possibility but for this applicat Ion cons id~’red Im-

practical.

2. 4.5. 1 Record Matchin g

The most important consideration of this section of the magnetic recording system

model is the record current slew rate (amps /sec ) of the flux gene rated in the gap by

the current in the single turn (1s)~ 
IS itself may not ideally represent the drive curre nt

duc to transformer and capacitive losses. If K - - i  the transformez is a perfectly

coupled unit and then f~ = .~! (Is). Such is not the case ; degradation does exist and

suffers in slew rate. Since the wire Is very small , and buried between the tra cks of

the head , the actual Ig has not been measured. Ext ernal field sampling detectors
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ACROSS-TRACK CURVATURE
S IMPROVED STANDAR D DESIGN

CONTROL

IMPROVE WIRING TECHNIOUES

• ADVANCED ART
INTEGRATE D MAGNETICS

GROOVED MEDI&J M &

IMPR OVED HEAT MAT ERIAL ~~

HIGH PACKING DENSITY

/ HI GH OUTPUT

~IIs- 

b200— 10001
PER INCH

PER INCH

FIgure 28 . Track Density

probably offe r the best chance of success in measuring the slew rate of IS and the
effective fie ld slew rate emanating from the gap.

The pa rameters which affect the record curre nt slew rate (IS) can be optimized to the
limit of the physical restraints of the head designs. For instance , the second ary

winding (us ually a single turn ) can be increased in cross sectional area to reduce it~
resistance (R) In the circuit . New technique s for doing this have been develope d . :~

summarization is show n in Figure 29.

2.4. 5.2 Playback Matching

The most important area to investigate on the playback side of the head electronics

matching are improvements in the signa l coupling and reduction of shunt signal ixtths .
ThIs would allow a higher turns ratio (higher ind uctance) and , the refore , a larger
signal leve l to get over the preamp noise floor.
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As stated in 2.4.5.1, the primary head limitation in Record is the slew rate . in play-

back , the same physical pa rameters are limitations hut affect the head in a different

W ay .  The “H ”  and “L” of the single turn have a dramatic e ffect on the low frequency

roll—off of the head . In the near ideal state R~~-~~~-- whe re “H” Is the total resistance

In the single tu rn and 41. is the resistance of the segment of turn passing thru the

matching t ransformer. The method to achieve the cond ition whe re H~~~~-~-is well

known. By increasing the number of t urns on the input of the transforme r , the in—

ductance looking into the input of the matching tran sformer Is greatly increased . Un-

fort unately this lowers the overall voltage ga in of the head which requires more turns

thru the small hole under the ve rtex of the head which normally Is li mited to one turn.

A mult i —turn structure increases the construct ion difficulties quite rapi dly although on

severa l systems this technique has been employe d successfully. A summarization Is

shown in FIgure 30.

2.4. 6 Record/Play Head E ffic iency

The ef ficienc y of the head in record is of small concern and in playback of pr imar y

concern . A summarization is shown in Figure 31.

2 .4.6 . 1 Record E ffic iency

This Is not a problem as long as sufficie nt record drive Is available and the record

current slew rate is not limiting the peak curre nt needed . :~ limit which we have not

yet hit is head core flux saturation (BS). If tapes with coe rcivities of 700 ()ersteds or

higher are used , or if the present record head efficiency is reduced, BS could become

a materials problem.

2 .4. 6 .2 Playback Effic iency

The playback efficiency is limited In two major areas; the gap shun t loss and the core

losses . Both areas can be attacked by investigating head construction design change s

and the core losses can be attacked by investigating better magnet ic material s .
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a. GAP SHUNT LOSS. A classical limitation of a standard magnetic playback head

Is the read flux lost In the read gap. No fundamental change has ever been made to the

basic design structure . All playback heads have a set of pole tips separated by a gap

space. The gap size varies directly according to the resolution requirements of the

system which causes a reduction of the read S/N . Recent material and new machining

technique developments have negated the effect somewhat by allowing the pole face

depth to be greatly reduced. The efficiency of the read bead magnetic circuit is con-

trolled by the ratio of the reluctance of the core and the reluctance of the gap. For

an ideal situation all the flux from the tape should pass thru the coil which will
generate the output real voltage E .

0 TOTAL

• CORE

• FRONT GAP

Some flux , however , is shorted out by the front gap and is therefore lost and of no

use whatsoever. It is apparent that the efficiency of the aperature (GA P) type head is

a function of the pole face depth (PFD ) to gap size ratio (see table). Historically this

value has been:

AUDIO VIDEO HDMR PROPOSE D

GAP lOOu ” 60u” 12u ” 8u”

PFD .005” .0025” .0008” .0003”

RATIO 50/1 40/1 66/1 38/1
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The general expression for head efficiency can be derived by writing the equation for

the flux (0) division as it passes into the tape head and divides up Inversely proportional
to the reluctances.

The equivalent circuit for the gap reluctance of a magnetic head Is:

0 CORE

a~~ øc = flux in core
IL

L _ _ _ _ _ _ _  

T 
= total flux

0 FG = flux in frontgap

• - F/H

X 100FFF~~ F
C 6 Rc 

+ 
~bg

F
= _____

Rg

1
__________________ 

1
where R,~~ = 0lR

c
+R

bg l +R
Rg R

g

For Alfecon, at frequencies above 50 KHz, the classical method of computing R~
from known parameters is useless because the solid core material has most of its
flux concentrated In ~he skin of the material. The approach used to calculate head
effic iency is to establish a Ratio between Rc and Rg.

F
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This was done on a video head by measuring the output read level at a pole face depth

of 2.0 mu and then at 1.0 mu . The playback voltage ratio 0.70’- f-~ 
pole face depth .

Eff1 (2.0)
Eff 2 (1. 0) - 

‘~‘ Measured sample @ 9MH z (160’ ~

Rg1
= 1/2

1
1+R
-~~Eff H

Reluctances = • R 1
2R

Ef12 1 g

1 + R
C
Rg2

E R = Rcif
2 

g2 C —= 1.33
g

Eff = 
1 + 1.33 =

The value 43% is the efficiency of a commercial video head. The head structure is

very similar to what is used for HDMR type heads. Such measurements- and calcu-

lations are planned for our structure to establish a bench mark at least for head play-

back efficie ncy.

Since the head performance (Eff) is inversely related to the poleface depth , major ef-

forts can be applied to application of new head construction techniques which result in

pole face depth less than . 0005” . It becomes obvious that such a structure cannot be

a free standing cantilever structure which historically Is prone to collapse. Also,

machinlng to such slzes, although not Impossible, causes reject rates of head cLusters to

become ve ry high. Other Innovations offer design advantages where the pole face

65

.— __~____1~~~~~ 

-.---- - -----—----—— —



depth is an integra l and homogenous part of the head track having say . 0002” magnetic

depth but offers . 002—005” structural depths. Such designs do exist. Incorpora t ion of

those design will require creative engineering and will be a challenge .

b. GAP MATE RIA LS. Quartz and Alumina gaps are nomina lly fine for wear and

gapping, If , however , a gap material could be used which had a magnetic permeability

of less than unity, it would Impede the fl ux flow across the gap ~tnd yie ld a more ef-

ficient magnetic transducer. Only one material is presently known to offer an ad-

vantage in this area; name ly, bismuth alloys .

c. HEAD CORE MATERIALS

1. Alfecon IV (A IV )

RCA is presently pursuing a better magnet ic head core material for its video head ap-

plicatIon. A material designated A IV is being made at the RCA David Sarnoff Research

Laboratories. The material is being developed to provide long head life and greater

magnetic efficie ncy (lowe r write current (I ft) and higher read voltage (FM V pB)) . Test

and descriptive dat a on A IV material must be withheld pend ing patent application.

Test data on a head made with A IV Is available and presented below .

Parameter Alt AIV 
_ _ _ _ _

‘H 59 MApp 35 MApp -4.5 dB

FM 0. 15 0.45 +9 db

VID S/N 48.9 49. 8 +0.9 dB

The most significant test result is that the off—tape read voltage (FM VPB) tripled.
ThIs 9 dB Improvement (at 10 MHz) is less significant In the video recorder; 0. 9 dB

being the video S/N improvement .
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The reason for only 0. 9 dB Is that the video recorder Is reading tape noise. The pre-

sent H1)Mil system Is 10 dB, or more, short of reading tape noise. The +9 dB gain in

head output will yield a 9 dB gain in S/N if this gain also applies at the lower frequencies of

1-6 MHz. This must be evaluated by lil)MB head tests using A IV.

2. Granular Magnetics

Another area of magnetic materials research that RCA was investigating in 1970-1972

is granular magnetlcs4’5 where two or more materials are co-sputtered in variable

m ixtures to form new amophorus materials which are very ffne gralned and have high

permeability and resistivity. This technique is presently limited to thin films of Less

than a few thousanths of an inch . This thickness is adequate for the skin thickness as-

sociated with metal head rnagetics In the 1-10 MHz range and lends Itself readily to

co-sputtering of new magnetic materials onto the present head configuration in the

areas where the magnetic flux flows; the gap, pole tips and single turn hole. This ef-

fort was dropped In 1972 before any conclusions were made. We should pick up where

ft left off ~nd try a couple of experiments based on these prior Ideas .

The first two attempts should use a quartz target overlayed with stripe of 80/20 per—

malloy and 50/30 peralloy. Heads made with these two blends could then be tested and

an evaluation made. Scanning Electron Microscope (SEM) photos should also be taken

to analyze the alloy and crystal growth patterns .

3. Mechanical Alloying

Mechanical alloying6, is cold-welding a mixture of metal powders, wh ich produces a

medium to large grain alloy. No specific alloy is under consideration at this time.

4. Splat Cooled Alloys

Another techn1q~~ for making a very hard , amorphous • fine-grained alloy is splat cool-

ing. In this process a molten metal mixture Is dropped into water (to make round wire)
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or onto a spinning drum (to make flat wire). Allied Chemical of New Jersey is pre-

sent ly developi ng a “Metglas” material which has the following prope rt ies:

Coercivity (Hc) 0. 01 oersteds

Resistivity (p) 200 X 10 6 ohm —cm

Saturation (Bs) ~ 16 K gauss (X2 A II)

Magnetostrictiofl (As) zero to ?

The extreme hardness and other above factors give this material a potentia l for mag-

netic heads . Two limitations It does have may be too serious to ove rcome ; it only

come s In 1 ml! X 1/2 inch cross sections and It goes crystaline above 200°C. Both

factors limit the construction technique which could be used.

5. Alloy Casting

A lfecon I , Sendust , Alfesil, etc. are products of alloy casting which Is melting and

coat ing a mixture of metals in a vacuum In an Ine rt gas atmosphere. This technique

has been the most prod uctive in the past and in fact A Il ls a hot pressed slntered

version of thIs technique . A IV Is also an outgrowth of this technique.

2.4. 7 Read and Write Field Interface Factors

2.4.7.1 Write Interface (Field)

The record resolution for pulse recording is dependent on: record demagnetization of

the tape , the slew rate (rise time) of the flux fie ld at the gap, and the distribution

(shape—grad ient ) of flux fie ld intensity (B) around the gap region. Ultimately all three

of these parameters need to be optimIzed. The record demagnetization and slew rate

problems are treated elsewhere . The remaining point of conce rn is the pulse fie ld

shape .

The ideal fie ld shape would be:
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o XI D E  ~~~~ 3”.. ZERO S

LI
In real life the flux at the gap covers an area much larger

More like :

SAT B

The field assumes such a configuration due to several factors:

a. The finite corner of the pole tip saturates causing the remaining line of flux
to begin Jumping the gap at a point other than the finite corner (points up and
down stream from the gap).

b. Lines of flux repel each other and spread out consistent with the path of
least re luctance .

Several techniques such as the “X”—fie ld by Cameras have been Inve nted to improve

the write fie ld. The X-field head employs an external in-phase field (cross field) which

improves the shape of the trailing edge of the record zone , i.e., the transition from

higii magnetizing field to a low leve l field (below H~ of the tape) is accomplished in a

much shorter physical distance from the gap. Cameras accomplished this by adding

a second gap up-stream from the primary recording gap. The flux In the second gap

and record gap are so related that a vector cancellation of flux occurs downstream

from the gap which can reduce the transitional record region.
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ibis technique could be physically employed on a single 50 KB/in , cha nnel but because

of all the ext ra wires, gaps and drive electronics necessary for such a device It seems

very Impractical for an 80 chan. /in . head .

Since the recording of very short duration pulses Ideally takes place In less than 1/10

of a bit cell , It seems possible to create a similar cancelling field by post field shaping

(‘r post erasure. Such a technique would reduce the skirts of the recorded pulse and

Increase the flux gradient. Some experimental work has already been done in this area

at BCA and IBM .

A summarization is show n In Figure 32.

2 4 7 2  Head Interface (Field)

This are a Is covered by the many other discussions on heads . The key inte rface here

is the head-tape Inte rface factors.

:\ summarization is shown in Figure 33.

2. 4. 8 Tape Transport Configuration

The functions investigated below were to determine what modifications could be made

to an existing 1/2 inch wide computer transport and still approach the original design

goals. The present video recorders utilizing 2 inch wide magnetic tape were reviewed

as to their capability to handle 2 inch tape at 180 inch per second (ips) play speed and

360 ips shuttle speed. The limiting factor for these transports Is the high ine rtia of

a tension arm buffer system and capstan pinch roller combination.

The standard computer transports, Honeywell M0096 , B&H 3700B , and Wango Mod

1037 are 1/2 Inch tape and are too small to modify for handling 2 inch tape. These

units are relatively slow in start/ atop conditions (5 sec for 120 ips).
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2.4.8.1 Tape Speed

The design goal was to have a transport to move tape in a play mode at 240 ips and

Obtain this constant velocity in 0.003 sec.

2.4.8.2 Tape Width

The feasibility model transport was designed to handle 2. 00 inch magnetic tape . This
was done because of the availability and ready access of reels and tape. The width

could be larger than 2. 00 in but no stwlies were made as to their dynamic character-

istics.

2.4.8.3 Start/Stop Performance

The tape dynamic s of the assembled system were calculated to dete rmine the forces

required to accelerate the reel/tape system to 240 Ips in less than 0.003 sec.

RCA feels strongly that fast start/stop would provide a great operational advantage In

the future system. Fast start/stop and rapid search have already been a key focal

point in a recent product distribution program. An RCA technology study objective

is to advance low density digi tal computer tape transport technology in high density

digital applications, for both fast search (over 400 in/s) and fast start/stop (les s

than 0.01 seconds) to provide “fas t access” to data frames stored on tape reels.

This concept has major operational benefits for sort and random access of serLal/

chronological input data or achived data . RCA feels that this technology should be

further developed.

2.4.8.4 Vacuum Columns

The increase of tape velocity and acceleration involve more than changing the charac-

teristics of the capaton and reel motors. The basic law of force = mass x acceleration

at the high tape speeds would give excessive tape tension during start/stop operations.
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The basic element that distributes the accelerator forces and prevents these from

being transmitted to the tape are tension arms. However , the force to operate the

tension arms comes from the tape and with even the most advanced tension area de-

sign the force to operate exceeds the tape elastic limit .

The method used to meet the above condition is to use tape vacuum columns to replace

the tension arms. In the vacuum column buffer , the tape is stored in two separate

chambers.

The advantage of the vacuum buffe r is in the absence of any extraneous mass other

than the tape to accelerate during the start/stop operation.

a. LENGTH. The basic equation is derived from the difference in the tape length

over the capstan and from the tape reel in the time required to get the tape to max!-

mum velocity.

1/2 V1t + Vf (t — t
~
) — 1/2 Vf tR

= V
f 

(t
R 

— tc
) — 1/2 Vf t R 

+ 1/2 Vf t

=V f (~R 
_ t

c
)_1/2 Vf (tR

_ t
c)

1/2 Vf (t R 
— t )

~ L Tape length storage required until equalization

Vf 
Fi nal Velocity of tape

c I rne of capstan acceleration to constant velocity

r 
i~ n of r~.I  acceleration to constant velocity

~r-~ ê~I4 ~ft ~- r-’- -,..nt the ree l and bin equalization lengths and velocity
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Figure 35. Reel and Bin Tape Velocities Interaction
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Two configurations of reel and tape bin designs are shown in Figures 36 and 37. Con-

figuration B (Figure 37) conserves space but requires two additional air bearings that

wilil increase the system drag.

b. VACUUM REQUIREMENTS. The vacuum requirements are dependent upon the

amount of “hold back tension” to obtain a desired tension at the tape heads. In

conjunction with this the tape drag over all components must also be considered.

Tape tension heads reel torque — tape drag (entire tape path upstream of heads) -

Vacuum colum n area x vacuum p. s. 1.

2. 4. 8.5 Supply & Take—up Reels

The reels are designed to handle and store the tape in a practical and efficient manner.

They are dynamically balanced for high speed rotation up to approximately 1, 000 RPM .

The weight should be kept to a minimum but normally will be only a small percentage

CAP ST A N  I~EADS TAP E OXI DE
DRIVE

/
_ _ __ _ _

Q 
CAP STAN

21.5~ 21 .5” DR I V E

21 .5” C21 .5”

Figure 36. Reel-Bin Configuration A
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of the total tape weight. The reel hub should be designed compatable with the reel in-

verter and rotational speed. Figure 38, presents the proper selection of tape reels

based on tape length and thickness .

a. MOTOR SIZE. The motor size and torque is limited by the amount of force that

can be exerted on a reel of tape before “cinching” occurs . “Cinching” is defined as

one or more layers of tape adjacent to each other moving relative to their original

wound position .

The chart of Slip resistance (cinching) was plotted from a 3M tape describing the

special backing applied to Instrumentation tape to prevent “cinching”. The curve was

extended and averaged to obta in the maximum torque with the minimum tension.

Figure 39 shows that if the tape is wound with 8 oz back tension the reel torque, before

slip, is 2 , 976 ln-oz. This value is well above the reel-torque of 1800 in-oz by a safety

factor of 1. 6. This data must be checked before the optimum acceleration!

de-acceleration tape system is designed .

b . SE RVo RESPONSE. Servo control of fast start/stop transports is not a technology

problem and is considered a low risk hardware development task assoct~ted with the

fast start/stop technology development.

Servo control of commercial computer transports at 1.20 in/s with 1-5 sec. start/stops

use present technology. It is of little concern for a one-recorder-system , for it is

strictly an internal recorder consideration, affecting only the deflutter/dejitter buffer

size. Servo control of multiple recorders which must be synchronized bit-for-bit for

playback frame synchronization requires a much more sophisticated servo system

when phase slew and lock is required before a straight velocity lock is allowed. This

cax~ be a big operational problem.
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TAPE THICKNES S , MIL .S
0.75 1.00 1,25 1.50

14,000

16.000 HUB DIAMETER - 4.5 INCHES

13,000

12,000

11,000

10 ,000

9,000
I-
U’U’ ____________________________________
I’

I 8,000 ________________________________________
I-
13
z
U’-J 7.000

_ _ _

_/
4I-

8,000

5,000 //4,000

3.~~~

2,000

0 11,000

0 2 4 6 8 10 ¶ 2 14 18

REEL DIAMETER — INCHES

FIgure 38. Tape Reel Selection
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2. 4. 8. 6 Rewind PerforTna c.~~

H1~~ speed rewind Is required to utilite the tape most effic iently. It reduces the

reloading t ime cyc le and allows more rapId searching for disc reet dat a segments

within a reel. The rewind speed goal is 600 Ipe and requIres 7 mInutes to rewind

14,000 feet of tape on a 16 ii~ h reel .
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SECTION 3

PHA8E H FAST ACCESS DIGI1’AI RECORDER STUDY

OF AlTERNATIVE TECHNI QUES

Present vIdeo recorders ut ilizing 2-Inch magnetic tape were reviewed as to their

capabtht~ to ha ndle 2 inch tape at a play/rec ord speed of 180 ips and a rewind

(slwittle speed) of 360 Ipe . Transverse video transports have a play/record speed

of 15 ips and a shuttle speed of approximately 500 ips. These basic machines

hsve a sta rt t t me of 0. 1 sec ~ 15 aps . Sta rt time is the time required for the

tape to r eech (‘onsta,nt v eloc~tv .

3.1 AI ) Al’I  A fl ( ’N (‘)F A V A I I . A IU F Hk ; l l  I )FNS IT Y [APE 1 RANSI~~RT TECHNEQUFS.

I he pr .•sent video re4’t)rders av.tIah~ to r ,~ .di1~ are designed to handle 2 Inch tape

and 1’ Inch Itamet~ r ree ls . The dra wback t t ~ the se transpo rt s Is tha t the y use pinch

ro l l er  ‘apa tan and ‘ension a rms to  move tape and control tape tension. This fact

~~ies not make II economics liv feaslbli’ t o  modtl v for high tape speeds due to

t he high inertia of the tensh’ii at~ buffer ~ ‘ntcni.

3 , 1 . 1 Sta j l ‘ Sto p (‘ha rartertat ics

[he high start  requirement of 0, 003 second i 240 Ips Is not possible w ith a pinch

ro lle r ‘capstan combination. The use of vacuum capstan In combInation with the

vacuum column tape buffe r system wou ld allow the acceleration required.

The stop requirement would not be as fast as the sta rt and would be capable of

stopping the tape from a p lay mode (240 Ips) within 3 feet of tape. The rewind mode

of 600—900 Ips would ha ve to be investigated due to the tape cinching problem tha t

was previously discussed.
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3. 1. 2 Shutt le ilewind (‘ha racteristics

1’he Video or High Density Transports are capable of 600—700 ips rewind speeds

wit h 2 inch tape . The present maximum stop time at 400 ips is 2 seconds on a

fast r ewind b roadcast video recorder . The effor t to decrease the stop time (‘t

400 ips resulted in tape cinching on the reels.

3.1 .3 Tape Guidance

Tape guidance on the standard recorder is accomplished by a fixed dimension guide

post. The tape can float between the two edges of the guide surfaces. This varia-

tion is in the order of from 0.001 to 0.005 inch.

3.~ A I ) A l ’ T A T l (~N ~ F’ AVAILA B LE COM PUT ER TAPE TRANSPO RT TECHNIQUES

Computer transports are more in line to accommodate the h igh tape handling

spccd s but thc~- a re  onl y capable of handling the narrow 1/2 inch tape. The

RCA s 15X Tape Station was modified to accommodate 2 inch tape by designing

and manufacturing air bearings and vacuum tape loop colum ns. A special vacuuxt i

~ t ps t an  ~as insta l led to drive the cr i t ical  segment of tap e past the magnetic heads .

o th e r t ransp orts arc r~’ 1at ivt ’lv small to ada pt to the large motors required for high

tape speeds and th e ~ eight of the 2 inch tape . The t ranspo rt s revi c~ ed ~ cre the

I lunt ’ vt ’. ci! Mod 91 ~, Wa fl g() Mod 1037 , A nipex Fil Transports , and Bell & Howell

:3700j 3. t hese utd t s  a l l  hand le 1 inch t ape and w ith  a start time of approximately

,c( ’ufldS z 12(1 ips .

3. 2 . 1 Sta rt/Stop (‘ha ra .’te ristics

‘[he sta rt/stop cha racteristics of the computer t ransp orts are faster than  the

digital ty pe recorder mainly because the tape is only 1/2 inch wid e and its low mass

is easy to accelerate.
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3. 2.2 Shuttle Rewind Characteristics

High speed tape shuttle of 500 to 700 Ips allows location data to be read thru the

In creased air film floating the tape over the head. Stop time in the order of 2

seconds will not damage the tape nor cause tape pack cinching.

3.2.3 Tape Guidance

The tape for the computer transport Is biased to one edge of the tape. This bias is

accomplished by several methods, canted guide posts , tapered roller posts or

canted surface guide. The canted surface guide is best because the tape edge is

guided along a large surface (6-8 inches) and edge variations are averaged out

on the contact surface. On all the other guide system s the tape has a relative

small guide surface.

3. 2 .4 Tape Stress

This again is lower in the computer transports due to the lower forces. The stress

in the tape Is highest during start/stop modes and with the vacuum bin buffer and

air  bea ring turn around posts . These air guides reduce the tape drag to a minimum

and therefore better control of the tension can be provided by the reel servos .

The electrical time constant of the reel servo motor was measured and transient

response ca lculated. Alt hough the electrica l time constant is greater than expected,

adequate reel servo perfo rmance , based upon this motor , wil l  be obt ained . The

845X transport reel servo amplifiers are being eva luated to know the circuit details

fro m design , ma intenance , and performance limitation standpoints.

3. 2. 5 Constant Tension/Low Flutter Technique

A system has been devised to remove the flutter which occurs in any tape

transport. This system is to use a double vacuum bin on each reel side. The
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1st vacuum bin is the standard unit designed to handle the differentia l tape lengt h

due to the accelerations of reel and capstan. The 2nd vacuum bin is considerably

smaller and is located just befo re the capstan drive and after the head for the other

ree l as shown in Figure 40.

3.3 VA RIABLE ‘I’APE SPEED TRANSPORT TECHN IQUE

Slowi ng the recorder down 2:1 and 4:1 for playback into a lower thruput rate system

presents no technical problems. At these reduced speeds the tape will be traveling

at nor mal rates. The re wil l  be some electronics hardware impact , however.

Multip le p layback rates will  require some circuitry switching and may require

larger dejitter/deflutt er buffers . Thi s concern Is definitely not a technology study

task and ca n be satisfactori ly addressed in follow-on programs.

TAPE SUPP L Y RE E L

_~~~~~~~~~~~~~~~~~~ T~~~~~~~~
HEADS

~ND VACUUM BIN - ________

VACUUM TO CONTROL
FLUTTER & FINE TENSION
CONTROL

1ST VACUUM COLUMN TO
CONTROL TAPE SUFFER
FOR HEELS

VACUUM TO CONTROL DIFFERENTIAL
TAPE ACCELERATION

Figu re 40. Functions of the Vacuum Columns
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3 . 4  HARDWARE EXPERIMENTS PERFORMED

The modified computer tape statIon resulted from the Incorporation of a 2 inch

vacuum capstan, 2 inch wide tape vacuum columns and bins , ca librated reel motors ,

NAB type reel hubs, pneumatic sub-systems, and electrica l interconnections.

Detailed experiments were performed on the vacuum capstan torque and coefficient

. f  ‘~~- j ç t i o n  u s ing  b ac k c o a tcd  tape. Reel m o t o r  p a r a m e t e r s  were c a l c u l a t e d  and

measured as to their acceptabi lity In the system.

3.4 . 1 Tape T ransport

It has been conc luded that the optimum transport design would be patterned after

computer tape transport technology and thus continued effort need be applied. A

pr eli min a ry design layout is shown in Figures 41 and 42 for both rotary head and

fi xed head applications.

3.5 TEST RESULTS AND HARDWARE DEMONSTRATION

On 11; June 1977 RCA performed the requirements of SOW , para . 4.3 by demon-

strating severa l pieces of hardware to J . Petruze lli , the COTR. The project

hardwa re Item demonstrated was a p ar t i a l ly im plement ed computer tape stat ion

modified for 2 inch tape on NAB reefs. The hardware demonstration consisted of

reel motors running, vacuu m bins loading, vacuum capsta n runnin g,  capstan vacuum

actually pul l ing tape and unit control opera ting. No t al l  of these items were

coo rdinated In their operation. This Fast Access Transpo rt is sho~ n in Figures

43 and 44.

Two other demonstrations were presented to the co’rn. The NASA 240 Mb/s

b readboard recorder system was operated recording and pla y ing back at fu l l  data

rate. A data sheet describing this system is shown in Figures 45 and 46 . The

40 , 000 hIts per I nch demonstration with the new HDM H head/e lectronics hardwa re

is out li ned in Figu re 47. These two demonstrations describe results of contract

Item 000 1AA , which Is complete.
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RCA/NASA DEMONSTRATION OF...

240 Mb/s
TAPE RECORDING

:~~~
- . .  USING

HIGH DENSITY
MULTI-TRACK

(HDMR)
TECHNI QUES

• DIrect 240 ~~~ /a r,00rd/ reyoduca u.Ing elitgte t~~. dii ,,

• 0,s. 2 .,tNtofl bIts p.. WIth 04 taps

• UnIque 142-b.ck 2-Inti NOUN heed

• Standard 2-IncA atapiwdc tap.

• Standard 120 ~. tap .p.. d

• Full 4I SnI dssbsw/ dwiuttar buffering

• ~m poprda ,d 120 cPiannsts 04 record! reproduce .Nc onka.
..dt hanmlng S table

• IS’ UN correctable to l0- with EDAC

• 0w-Mite UN Meidion

DESCRIPTION

The RCA/NASA 240 Mb/s HDMR demonSlrat,on recordet performs the functions of NRZ’Io-Oelay-Modulation conversion
consists of an RCA Landsat 2-inc h magnetic ape transport record eq~wlization and record head drive
modified for longitudinal recording. coupled to e t42-t rack .2-inch
h OUR ma gnet ic head. 1 20 ch annels ol 2 Mb/s The 120 reproduCe channels .mplif~i. titter limit demodulate to
r e c o r d / r e p r o d u c e  e lect ron i cs  arr d a 240 Mb/ a NRZ . deskew . and tieflufler the read head signals A parallel-to-
rTiuItiple~ / demulliple. I/ O tarlal Con vert er) mult iplssa r) the n suppl ies two channels of data

( at 120 Mb/s per channel) to two lest stations where 8€R i~
The modified Landsa? transport carries 2000 feet 042-inch video measur ed
tap e and operates at 120 inChes per second providing
approuma*y 3 minutes 01 recording time The rec ord equalizecs System timing reference for both re cord and reproduce is an
recor d amplifiers and playback preamplif iers have been ex ternal 120 MHz clock The reproducer s digita l ilefl utler circui t s
hybrIdized to minimi ze Itxe head/f-leclronics inte rlace volurnearld plus a cap s ta n servo provides absolute time base correction with
to aIlo* them to be physically cloSe to the heads All other respect to the reference c loc k
.l ectronic$ are on erie wrap or printed circuit cs rds The total
syste m (less power supplies) us cont ained in a single rack the demonstration system ioes not include E’ -Y Defection and

Cor recl ion tEDAC) c ircuitry which RCA hail verified by an earlier
Them, are two input channels to the demonstration sys tem . aech demonstration T wenty two unused trac ks are allocated for the
eccsptrrg del. .1120 Mb’s For operational checks and bit error irnplemental.on at EDAC and . or customer ausifiary data track.
rat. ( BERt measurements these inputs .rc generated by a
peludo-randomn word generator A serial-to-paraNel convener A block diagram Cl the bas ic hardware is shOwn on 1*1. rever se
(demiltiplsser ) supplies 120 parallel bitt at 2 Mb/s per second aide
elch to tIle 120-channe l recording processor The proceseor

Roil Government
Recording Systems

FIgure 45. 240 Mb /s Ta pe RecordIng System , Sheet I of 2
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)MH ui-u - Piniquey achieve a ape utiliz ation efficiency at more
“ian j r 0’ bit s ‘1 ii I’”. pac ~~i’l vi - , Sdt racks ‘inch across *0 rich tape Arelatively

i - i n n a .  i.-~-vii -o42 O 0OO b.ls- ri - ti isucedr o rriaintain higtr sigrialtonoise

iMP p . i - l -  a u -  -i i,,,- I r i ri fabricated v .-rsuons cit RCA s stan dard quadruplex
- P r-  u.~~~1,j ~i- ,l I tuuI v~’iQIjt P r -  ~ ,‘,luj ii i.,I,,Iirii, I al lelevisiOn recorders Th us single

~.ri ‘v u  - -- i l  rnpii5i ujcs2g n r, i~ frail ext ensive use in severe envi,onmenls , is riot
- , . ‘ v w co rn parei~ I’  i i - u r , Ips  a ’ -  ‘iss eltrenrely long life Th e integrity ot ne head - to-
‘ape r

~’ ,,,j end i~ u u~. “ •ri~’ ri.-a,j is enhanced by the elimination of all ertianeous
- a i r a ’ , an the ‘ ‘Ii ’ iaci T here are no Shields Ot dOle tip supports-- nothing touches
‘ic t ape- but Inn ,r agu i-r . head cor e it selt In RCAs laboratory measurements, this head - - ‘

onliguraticin has survived “ i- passage of P~i 10’ feet of tape ov~r the head with no _ -i~~’
‘neasuiable riced er -ar no rape degradation and no change in recurder performance

- .~~~~~ -

A has been c orrtunuOiu Sly evolving hardware - efficient techniques tom HOUR digital ~ - “-~~ -
‘:i- ss ’uq Coding decoding equalization high rate multiplexing. deakewrig. and — :

-leftultening schemes have all been designed and implemented to handle up to 160
tracks on 2 iflCft (ape Lrro Control techniqueS hare also bean developed to help
i-’,iViinatC t Ire effects at ape imperfections arid provide a hER ot better than ID • at?
‘mlk0r~ bit S per squar e ric e

‘ann ‘ur-’e RCA it investigating means at extendi ng HOUR technology t o sdrt ress data
‘ales Oh oven r gigabit~ second airboi rie hardware cont igurat ions and a fast access
1’ounrd bCseil transport RCA us also involved in environmental testing of HOUR typ e
ape transports for Air Forc* U/I I S400 appSCatiOn (IevelOprneflt 01 a racuum bin

tiar ispOrl for ultra fast access time arid ripe magnetic tread arid record / reproduce
electrOnicS for 50000 bitS/inC h

I on Furtfiei Information Please Contsct
Manager Mar lietung Government Recording Sy stems
healding tO- S
Camden P45w JOrley Ot t 02
eoe3 963-5000 Ext PC 2401

R oil Government Systems
Division

Figur e 45 . 240 Mb/s Tape Recording Sy stem , Sheet 2 of 2
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3 .6 RECO MMENDAT I O NS FOR A FO L LOW -ON PROG RA M

A fo l low-on progra m to extend ult ra wideband digita l magnetic recording technology

to accommo date Input/output data rates of 1 gIgabit per second Is herein pro posed .

The Statement of Work sets fo rt h the details of the tasks whi ch wi l l  be pe r formed ,

including Monthly Status Reports and Feasibi lity Demonstra tion .

‘i he proposa l is for the continuation of effor t currently being per formed under flADC

Cont ract F3 0602- 76— C— 01 83 , under which the concept s were developed. This effort

wou ld Imp lement the concept s into a demonstra b le model.

The Fixed Price Level of Effo rt Prop osal is for a one (1) yea r progra m for

Engineering Services , Technical Re port s , Breadboa rd Developmen t and Demon-

st ration.

The objective of this progra m is to develo p magnetic tape recording transp ort

technology necessa ry to extend wideband digita l magnetic recording to accommodate

input/ output data rates of 1 gIgabit per record . Concentration will be on fast

sta rt/stop/shutt le technolo gy with rapid access for exploitation purposes. Data

block recording for extreme time expansion and versati lity of computer Interaction

is of importance . The end Item of thi s program will be a feasibili ty demonstration

of the transp ort capability and a fina l report detai ling the techniques deve loped.

This pro gram is bas ed on and is a follow-on of a Contrac t F30602-76--C-0183

where techni que concepts were developed but not implemented into a working model.

The amount of data that will be available as a result of high data rate communication

systems will cause gross changes in data management techniques by the 1980 time

fra me . Tactica l exploitation requ iremen ts for comma nd and contro l applications

demand immed iate or rea l time readout capabi lities . The approach most con-

sistent with a rea l—time or Insta ntaneou s readout Is magnetic recording. Althoug h

techniques exist which can accommodate these data rates (laser ho lographic), th ey

do not possess a real—tim e capabi lity essentia l to severa l situations.
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This program will take the concepts developed under Contract F30602-76-C-0l83 ,

with available vendor supplied experimental hardware, develop a working model

transport , and eva luate It. The vendor hardware will utiLize 10 inch reels , NAB

hubs , 2 inch ta pe and a 2 inch head mount .

The tasks and technical requirements are:

The cont racto r shall provIde engineering services to perform a design , test , and

evaluation investigation of the concepts developed on project Contract F30602-76-C-

0183 by means of a breadboard development model transport, and a demonstration of

this unit.

This new technology breadbo a rd transp ort shall add ress the fo l lowing design

objectives -

1 . The ap plication and extension of computer transpo rt techno logy for

start/sto p rates of less tha n 25 milliseconds and shuttle /rewind rates

of 600—900 ips .

2. Tests will be made at various operating speeds: 12 , 24 , 120 and 240 tps.

3. Head—Tape interface pe rformance compatible with 40 , 000 bIts/in ch ,

io
_6 

bit error rate and potential for great er than 1 Gb/s tota l transfer

rates.

Spec ific sub-tasks are fabrication of har dware designs and concepts from Contract

F30602—76-C —0183 , includIng 1 vacuum capstan , transport, reels and magnetic head .

Engi neering tests and eva luation of transp ort performance for :

1. Head—Tap e Perfo rmance : Measure tape skew , j itter , f lutter , tension

and wave lengt h resp onse by means of a 2 inch test hea d and other

appropriate instrum entation .
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2. Access Time, Measure start time, stop time for operational speeds from
12 to 240 Ipa. Measure start time and stop time to/from search speeds.

3. On basis of above data , deve lop design specifications for a 16 inch reel

unit .

Data to be provided are Monthly R&D status reports and a Technica l repo rt (fina l

report). The technica l report sha ll detail the project res ults.

Residual hardware: Most of the project hardware will be vendor supplied . The

mino r remaining hardware purchased on this program will remain with the vendo r

ha rdware.
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SECTION 4

HAZARD ANA LYSIS RE PORT

The only delive rab le items tra nsmitte d by the cont ractor per this contract are thIs

final report and the preceed ing monthly reports and thus the re Is no need for a

Hazard Analysis Report .

¶ 99/100

-~~~~~~~~~ w_~~~~~~ _~~~~ 

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ______ - _ _ _ _ _ _ _ _  -



SEC TION 5

RE FE RENCES

1. “On Ext remely High Density Digita l Recording ”
J. C. Mall ison , IEEE Transaction s on Magnetics , June 1974

2. “Delay Modulation ”, M. Hecht and A . Guida , Proceeding s of
IEEE , pp. 1314—1 316 , J uly 1969

3. “Zero-ModulatIon Encoding In Magnet ic Recording ” ,
R. M. Patel , IBM J. Res . Develop, pp 365-378 , July 1975

4. “Iron-Nickel—SilIc a Ferromagnetic Ce rmets ”
J. J. Hanak and J . I .  Gitt leman
AlP Conference Proceedings, Number 10
Magnetism and Ma gnetic Materials - 1972
(18th Annua l Confe rence-Denver)

5 . “Automation of the Sea rch for Electronic Mater Ials By Means of Co—Sputtering ”
J.J. Nanak, RCA Laboratories
Proc . 1er Cotloqne Inte rnationa l de Pu lverisation Cath od ique et Ses
Applications , Mont pellie r , France , Oct . 1973 , p. 177 , Supp l. to No. 165 of the
Rev iew “Le Vide, Les C ouche s Minces . ”

6. “MechanIcal Alloying”
J. S. Benjamin , Scientific American - 1976

10

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ____ _ _ _ _ _



SECTION 6

BI BLIOG RA PHY

( ODING TECHNIQUES

Gene ral

C. P. Cul lum , “E ncoding and Signa l Processing, ” Am na ls New York Academy of
Sciences (See C. Strasbe rg) .

H. C. Deffebach and W. 0. Frost , “A Su rvey of Digita l Baseband SIgnaling
Techniques , ” NASA TMX—64615 , June 1971 .

J. R. Pierce , “Some Practical Aspects of Digita l Transmission, ” IEE E SPECTRU M ,
Nove mber 1968.

W. R. Bennett and J. R. Davey, Data Transmission, New York : McGraw-Hill 1965.

J. S. Hedin , “Anal ysis of Encoding Techniques for High Density PCM Recording, ”
Boeing Co. C.A.D.  Rc pt . No. 69299.

A. P. Brog le , “A Compa rison of Tra nsmission Method s for Pu lse-Code Modulation
Communicatio n Systems, ” USASRDL Ft. Monmouth , N. J. Tech. Rcpt . No. 1954 ,
Oct. 27 , 1958.

B. El. Batson , “An Ana lys ts of the Relative Me rits of Various PCM Code Formats , ”
NASA m t . Note MSC- EB-R-68-5 , Nov. 1968.

A. S. Hoag land , Digita l Magnetic Recording, John Wiley and Sons , 1963.

J. V. Mu rphy, “Da ta Coding for Mag netic Recording, ” Univac Rcpt . (See C ,
Str asberg) .

103

‘~~ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



r
Specific Tech niques

Duobina ry and Related Level-Coded Techniques

A. Lender, “Correlative level coding for bina ry—data transmission , ” IE E E
SPECTRU M Feb. 1966.

A. Lender , “A Synchronous Signa l with Dual Properties for Digita l Communicat ions , ”
IEEE TRANS. COMM. TECH , June 1965.

A. Lender , “Correlative Digital Communication Techniques , ” IEEE TRANS. COMM.
TECH. , Dec. 1964.

A . Lender , “Faster Digita l Communications With Duobina ry Tec hniques , ”
Electronics , March 22 , 1963.

A. Lender, “The Duoblna ry technique for 111gb-Speed Data Transmission , ” IEE E
TRANS. COMM. a nd E LECTRON ICS, May 1963.

Kret zm er , E. R . ,  “An Efficient Binary Data Transmission System , ” IEEE TRANS.
( ‘0MM. SYST. , June 1964.

Kret zmer , E. R . ,  “Bina ry Data Communication by Pa rtia l Response Transmission , ”
CON F. REC. 1965 IEEE ANN. COMM. CONy.

Pierce , J. R. , “Some Practica l Aspects of Digita l Transmission , ” I EEE SPECT RUM
Nov. 1968.

Shagena , .1. L .,  and Kva rda , J. C.,  “A New Multi level Coding Technique for
Digita l Communications , ” PROC . 1964 INT ’L CONy . on MIL. ELECTRONICS.

Dicode

W. R. Bennett and J. R. Davey, Data Transmission New York : McGraw-Hill ,
1965 pp. 27—28 .

Pair-Selected Terna ry

,J. M. Supress , “A New Class of Selected Terna ry Pulse Transmission Plans for
Digital Transmission Lines , ” IEEE TRANS. COMM. TECH.,  Sept . 1965.

104



J. R. Pierce , “Some Practical Aspects of Digita l Transmission , ” IEE E SPECTRUM ,
Nov. 1965.

Dorros , I. etal , “An Experimenta l 224 Mb/s Digita l Repeatered Line, ” Bell Syst .
Tech. Journa l, Sept . 1966.

Ti me Po larity Control

M. R. Aaro n , “PC M Transmission In the Exchange Plant , ” Bell Syst. Tech.
Journa l , Jan. 1962.

Bipo la r (Inc. Karnaugh & Othe r Modifications)

M. R. Aaro n , “PCM Transmission in the Excha nge Plant , ‘ Bell Syst. Tech. J .,
Jan. 1962.

J. R. Pierce , “Some Practica l Aspects of Digital Transmission , ” IEEE SPECTRUM ,
Nov. 1968.

Ba rker , R. H.,  “Electrica l Signaling and/o r Amplifying System , ” U.S . Pat.
2700696 , Jan. 25 , 1955.

Karnaugh , M. ,  “Th ree-Level Binary Code Transmission , ” U.S. Pat. 3214749 ,
Oct . 26 , 1965.

J. S. Hedin , “Ana lysts of encoding Techniques for Hig h-Density PCM Recordings”
Boeing Co. , C.A .D. Rcpt . No. 69299.

Bite m a rv

A. P. Brog le , “A New Transmission Method for Pulse-Code Modulation Communi-
cation Systems , ” IRE TRANS. COMM. SYST., Sept . 1960.

A. Ma ’k and A. A. Me rgeroff , “Pluse Code Modulation Transmission via Radio Set
AN / G RC-50 RCA New York , NY . Semi-Ann. Proj . Rcpt . , Appendi x B, Sig.
Corps Cont ract DA 36—039 sc—64749 AprIl-Oct . 1, 1957.

A . P. R rogle , “A Comparison of Transmission Methods for Pulse—Code Modu lation
Com munica tion Systems, ” USASRDL Ft. Monmouth , NJ , Tech. Rc pt . No. 1954

Oct . 27 , 1958 .

105

-~~~~
- 

~~~~~~~~~ 
—- 

— -.
~~

--- - - —



De lay Modulation

M. Hecht and A. Guida , “De lay Modulation , ” PROC lEE (Lett . ) ,  July 1969.

C. Jacoby , U.S. PaLt 3414894 , Dec. 3, 1968

G. Jacoby, “High Density Digita l Magnetic Recording Techniques ” , RCA Rcpt .
E M-6224.

J . G. Isabeau , “High Speed, High Density Digita l Recording, ” Telemetry J . ,
pp. 11-15 , Aug. 1972 .

J. V. Murph y,  “Data Coding For Magnetic Recording” Univac Rept .

Multi level Systems

Groff , W. M .,  and Powers , R. C. . “A High-Speed Synchronous Digita l Data
Transmission Modem , ” Proc . 1961 Nat ’I Cony . on MIL Electronics.

Lebow, I. L. eta 1, “Application of Sequentia l Decoding to High Rate Data Communi-
cation on a Telephone Ltnc , ” IEEE TRANS , INFO. THRY , A pril1963.

Schrei ner , K. E. eta l, “Automatic Distortion Correction for Efficient Pu lse
Transmission , ” IBM J. lies. Dev. Jan. 1965.

Critchlow , D. L. etal ., “A Vestigial—Sideband , Phase Reversal Data Transmission
Syste m , ” IBM J. Res. Dev , Jan. 1964.

Becker , F. K. , “An Exploratory Multi level Vestigia l Sideband Data Terminal For
Use on High-Grade Voice Faci lities , ” Cont . Res. 1965 IEEE Amn . Comm. Cony.

High Density

Chao, S. C., “A High Density Digita l Magnetic Tape System”, Proc . 1964 Nat ’l .
Telemetry Conf.

- 

- .  

106



Coding Theory (with emphasis on run-length-limited coding)

Ternary RLL Codes

Fra naszek , P. A . ,  “Sequence-State Coding for Digita l Transmission ”, Bell System,
Tech J. , Nov. 1967.

Franaszek , P. A . ,  “Sequence-State Methods for Run-Length-Limited Coding, ” IBM ,
J. Res . Dev. , July 1970.

Fra naszek , P. A. ,  “On Synchronous Variable Lengt h Coding for Discrete Noiseless
Channels , ” Info and Contro l , Aug. 1969 .

D. T. Tang, “Run-Length-Limited Codes , ” IEEE Int ’l Syrp. on Infor. Thry.. 1969.

D. T. Tang, “Practica l Coding Schemes with Run-Lengt h Constramis , ” IBM Res .
Rept . RC-2022 , Thoma s J. Watson lies, Ctr. , Yorktown Hts .,  NY , 1968.

A. Gabor , “Ada ptive Coding for Self-Clocking Recording, ” IEEE Trans. Elect.
Computers , Dec. 1967.

C. V. Frelman and A. D. Wyner , “Optimum Block Codes for Noiseless Input
Restricted Channels , ” Info . and Cont ro l 7, 1964 .

J. V. Murphy, “Data Coding for Magnetic Recording ” Univac Rept .

Kautz , W. M. ,  “Fibonacci Codes for Synchronization Cont ro l, ” IEEE Trans. Info .
Thry , Ap rIl 1965.

Laemmi l , A . E .,  “A General Class of Discrete Codes and Certain of Their
Properties , ” Microwave lies. Inst . Rcpt . R-459-55 , P113-389 Contract No. AF—19
(604)—1090 , Jan. 11, 1956.

Laemmll, A. E . ,  “And J. M. Brogan , “Coded T ransmission of Information , ” Rcpt .
R—325 — 53 , PIB—261 , Microwa ve lies. Inst., 1953.

Phase Encoding (OR VARIA TIONS)

R. K. Richa rds, Digita l Components and Circuits , Princeton , NJ Van Nostrand ,
1957.

B. E. Cunningha n , “The IBM Hypertape System, ” 1964 , Fall Joint Comp. Conf.
AFIPS PROC., Washingto n , D .C .;  Spa rtan 1964.

107



A. Gabor , “Digital Magnetic Recording Using Double Transition Methed” , IRE
Int’l. Cony. Rec., 1960.

Adaptive Coding (Gabor)

A. Gabor eta 1, “Design Considerations of a Random Access Storage Device Using
Magnetic Tape l oops,” 1964 Fall Joint Comp. Conf. AFIPS Proc., Wa shington ,
D. C . ,  Spa rtan 1966 .

J. V. Murp hy, “Data Coding for Magnetic Recording”, Univa c Rept . MNRZ I.

Tamura , eta l, “A Coding Method in Digita l Magnetic Recording, ” IEEE Trans.
Mag. Sept. , 1972.

lEE TRANSACTIONS ON COMMUNICATION TECHNOLOGY

Oct. 1970 Decision Directed Digital Ada ptive Equalization Technique for
High-Speed Data Transmission
- Ada m Lender P. 625-632

Dec . 1971 A Survey of Coding Schemes for Transmission or Recordin g of
Digital Data
- H. Kobayashi P. 1087-1100

June 1973 BandwIdth Compaction Codes for Communications
- Paul Sha ft P. 687-695

June 1973 Compa rIng Bandwidth Requirements for Binary Baseband Signa ls
- R. Houts and T. Green

Aug. 1974 Multilevel Ba lanced Code with Redundant Digits
- T. Asabe P. 1136—1140 -

PROCEEDINGS OF THE lEE

Aug. 1975 Terabit Memory Systems
— M. Wildmann P. 1160-1165

Feb. 1976 Tutoria l Review of Magnetic Recording
- J. C. Mallinson p. 196—208
(This artic le contains many good reference.).

108

__________________________ — _________ _-  ____________- —



IEEE Transactions on Magnetic.

June 1974 On Extremely High Density Digital Recording
— J. C. Mallison P. 368-374

Sept . 1975 A Unified View of High Density Digita l Recording Theory
- J. C. Mallison P. 1166—1 169

IBM Journa l

Ja n. 1963 Increa sed Magnetic Recording Read—back Resolution by Means of a
Unea r Passive Network
- H. M. Sierra P. 22-23

July 1970 Coding Schemes for Reduction of Intersymbo l Interference in Data
Transmission Systems
- H. Kobayashi P. 343-353

Intr oduction to Pseu doterna ry Transmiss ion Codes
— A. Crorsier P. 354—367

Application of Partial response Channel Coding to Magnetic
Recording Systems
- H. Kobayasht and D. T. Tang p. 368-375

Sequence - State Methods for Run-length-limited Coding
— P. A. Fra naszek P. 376—383

July 1975 Zero Modulation Encoding in Magnetic Recording
— A. M. Patel , P. 366—378

RCA

PRA E -73-T R-004 Mu ltipha se Digita l Modulation
- R. Mathwlch , et al

PRRL-75-TR-175 A Class of Modified Convo lutional Codes
- N. F. Maxemchuk

109

— —.-—-- - — - -~



p

United States Patents

2,894 .796 Magnetic Recording System
- D. K. Reynolds

3, 126, 547 Magnetic Recording
- Harvey Rosenberg

3, 085, 246 Magnetic Recording Met hod
- R. C. Cowden

3, 588, 836 Magnetic Recording
- W. R. Frazier , Jr.

Other Reports

AF Report No. The Effects of Tape Recorder Equalization Techniques
SAMSO TR-71-81 on Attainable Bit Error Probability.

- L. Peterson

Data Compression Techn iques as a Means of Reducing the
Storage Requirements for Satellite Data
- L. F. Turner

_ _ _ _ _ _  

- - - 

110 

—



SECTION 7

APPE NDICES

Apper~ 1x A - Error Rate for Single Channel Failure

Appendix B - Reel Servo Design

111/ 1~~

- 
- ~~~~~~~ ~~~~ - - .



A PPENDIX A

ERRO R RATE FOR SINGLE CHANNEL FA I LURE

The Error Detection and Correction technique selected for a 126 track system has

the capability of maintaining the specified error rate in one of the EDA C channels

and a reasonable error rate in the other channel whe n a track channel failure

occurs. Without the EDAC the fa i lure rate wou ld become very la rge if one of the

recorder channels fa i led. For no EDAC and the data spread over 112 channels the

error rate would become4— x 
~~~~~ 

= 10~~. The 1/2 term considers that even for a

failed channel the playback circuitry assumes either a 1 or 0 and thus one-ha lf of

the time would be correct. With EDA C, when a channel fal ls the EDAC system not

affected will still meet a 1 x io .6 
bit erro r rate. The total BER would only degrade

—5 —5
to 0.8 of approxImately 2 x 10 the system error rate would become 1.6 x 10

which would still provide operation with a reasonable error rate. Without EDAC

the affected channel error rate wou ld be 4.5 x ~~~~ with EDAC the decrease to

1.6 x 10~~ Is a 280 to 1 improvement in system erro r rate. The following

caLculations show the deri vation of the above numbers .

The dropout erro r model used Is that discussed in the ana lysis of the system error

rate for the 126 channel system. The system error rate without a fa i led channel

was

p = 1.6 x 10~
4P + 1.48 x ~~~~ 

2 
+ 6.64 ~s e e e

When a failed channel occurs , the data in that channe l will be Incorrect one-half of

the time . If no other errors occur in ot he r channels the EDAC will correct the

data In the failed channel. If other errors occur , the EDAC will  be unable to

correct both the errors of the failed channel and those caused by othe r sources
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such as tape dropout. The number of times tha t errors occur wil l be 1/2

when they occur there will be two uncorrected errors plus an avera ge of 1. 2 bits

made incorrect by the EDA C subsystem. The ove rall system error rate becomes

P = 1 .6 p
s e

for the EDAC system with the failed channel. The tota l recorder BER than wil l

be 1/2 the 1.6 P bits or 0.8 Pe e
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APPENDIX B

REEL SERVO DESIGN

The electrical time constant of the reel servo motor was measured and transient

response calculated . Alt hough the electrical time constant is greater than expected ,

adequate reel servo performance , based upon this moto r , will be obtained . The

845X transport reel servo amplifiers are being evaluated to know the circuit details

from design , maintenance , and performance limitation standpoints.

1. Electrical Time Constant Measurement - The reel servo LOOP design requires

knowledge of all component pa rameters . Alt hough fairly complete , reel motor data

has been obtained from 0. E. (Fort Wa yne , m d . ) ,  the electrical time constant was

not incLuded.

The test for measuring this parameter was conducted at a fairly high current level

to insure tha t the non- linea ritles of the co,nputator-brush interface did not mask

the results. The rotor was clamped to prevent motion and the field was not

connected.

Th e measured time Constant with 1.5 ohms externa l resistance was:

5 . 0± 0 . 1 mi llisec .

Since the armature resistance is 0.44 ohms , the inductance is:

L -
~ .005 (.44 ~

- 1.5) = 0. 00975 henry

and the fundamenta l motor electrica l time constant (without externa l resista nce) is:

0. 00975/0. 44 = 22 .16 mil Lisec .
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2. The above measurement allows calculation of the motor-reel transient
response. This gives a measure of upper bound performance .

The subsequent ca lculations Include the elect rica l time constant but consider the
time to reach 240 ips (48 radian per sec~ from standstill.

In the following ca lculations , symbols, va lues and units are given In Table B-i .

The morot terminal voltage Is:

V = IR + L~~ .+  kB (B-i)

I (B—2)
T

In Laplace notation Eq. (1) can be written as:

k B 1—;;— (s) 
~~~~~~~ TR ( B—3)

T 2
k k  ~ ~~k k  s + i
t B  t B

For ima ginary roots of Eq. (3)

a = — a ±  jb ( B—4)
The step response is:

VE at 
V(t) k b (— a sin bt —b con bt) + 

~~
— (B—5 )

B B

Substituting from Table B—i and solving for t 1, th e time when the motor with full
ree l reaches 48 radians/sec.,

= 65.9 millisec.

The peak current and time of peak current can be found by diffe rentiating Eq. (B-5)
and using Eq. (B—2) . The current peaks to 78.8 amps at 42.7 mililsec.
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Thi s current appears excessive. Most tests by GE were conducted with one ohm
externa l resistance In the armature circuit. Maximum current was 29 amperes.
At this level, saturation appears to have barely started. Whi le it Is thermally safe
to allow hi gher currents for sho rt times, the saturation curve is unknown . Based
upo n the data available , it seems tha t reasonably linea r torque vs. current to 40 or
50 amperes is likely.

The current transient Is sketched in Figure B-i . It is concluded that the motor
transient response Is compatible with tape bin storage and fast loop lengt h contro l
within narrow lengt h limits.

- 
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TAB LE B-i

MOTOR-REEL PA RAMETERS

SYMBO L DESCRIPT ION UNITS VA LUE

Motor Torque Constant in lb/amp 4. 25

k B Moto r Back EMF Constant volt/rad per sec. 0.48

R Motor Armature Resistance ohm 0. 44

L Motor Arm . Inductance hen ry 0.00975

Moto r Roto r Inertia in lb sec2 0. 28

Reel (Full) Inertia in lb sec2 
.34

Tota l Inertia in lb sec 2 
. 368

V Applied Voltage vo lts 48

i Motor Current amps --
(t) Moto r Speed rad/sec 0. 0659

Ti me to Reach 48 Bad/Sec sec .
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